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FOREWORD

During the past ten years, investigations within the broad area of combus-
- tion research have been conducted by government, industry, and university.

Much of this research hss been sponsored and financed by the Fedend Govern-
ment, usually to further some application of combustion such ss flight propulsion.
As a rewdt, extensive data have been published by a variety of sources. The
greatest benefit can be derived by collecting, collating, and interpreting this
information. Accordingly, the NACA Lewis laboratory has herein integrated
and interpreted information on combustion with a view to its application to
flight propdsion.

The prhicipal problem of interest in this study is that of burning fwd con-
tinuously and eiliciently in a small volume and at high rates. Heat-relesse rates
must be large and combustion efficiency nearly perfect in order to obtain high
thrust and low specific fuel consumption from a small, lightweight engine.
Wide ranges of speed, altitude, and climate are generally encountered in flight,
and these factors often change rapidly. Thus, the combustion system must
perform over wide rangea of fuel flow, inlet airflow, pressure, and temperature.

In addition to burning fuel efficiently and at high rates, there are other
factora that must be considered in jet-engine combustion. In general, the
following conditions are desirable: Pressure loss through the combustion system
should be kept to a minimum, since high pressure loss causea incressed engine
specific fuel consumption. Mixing of burned and unburned gases upstream of
the combustor outlet must provide a preferred temperature distribution at the
outlet. This requirement may result either from turbine stress+hmgth con-
siderations or from tha need of a nearly uniform jet velocity profile for high
propulshe efficiency. Deposition of coke and formation of smoke are both
undesirable in the operation of combustom. Of the two factors, coke deposition
presents the more serious problem became of its adv~e effect o.n mmbmtor
performance and life. The combustion system should be durable, yet light-
weight. Reliable ignition is also necessary. Unfortunately, some of th~e re-
quirements are conflicting with respect to design. Specifically, then, the com-
bustion problem for a high-performance aircraft engine such as the jet or turbine
type arises from two factora: (1) the extreme range and rapid variations of
operating conditions encountered and (2) the many requirements of the corn- “
bustor, some of which necessitate compromise in the design.

Many sources of bssic and background information are available to the
designer of high+peed combustion systwns. The volume of literature concmn-
ing this subject, which was large before World War II, has since expanded
tremendously with the expenditure of millions of dol.kmsby the Federal Govern-
ment. These funds have supported both fundamental and applied combustion
research in laboratories throughout the nation. 187
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A large number of recent research papers on the fundamentals of combustion
are compiled in the Third and Fourth Symposia on Combustion published by
the Wfiams & Wti Company; and there are a few very useful texts on basic
aspects of combustion, such as Exp.?oe”w and Combwtion PTOCWWin (%.w
by Jest, Combudion, Flaw, and lihp.hiww oj Qas.a by Lewis and von Elbe,
and Flaw by Gaydon and Wolfhard. Much additional information exists in
technical journals, symposia, and house organs such as progress reports on
military yrojects.

Published information on the application of combustion research to tlight
propulsion is less comprehensive. Many individual papers on the subject
appear in the classified literature; there are also a few summary papem. The
Princeton Univemity Press is preparing a twelve-volume treatise on High-Speed
Aerodynumim and Jet PropuI&n AM will include a treatment of both basic
and applied combustion, although it will be limited to the unclassified literature.

There is no single, completely adequate summary of the source material on
combustion available to the flight=propnlsion engineer. Such a summary should
reduce design effort by organbin g pertinent information on both basic and
applied combustion and extracting those principles and ideas which are useful
or significant in aircmft engine design. The NACA is now making such a study.

The chaptem compiled here, which are the iirst part of such a study, cover
unclasai.iied materi~. They review such fundamental processes as fuel-air
mixture preparation, gas flow and mixing, flammability and ignition, flame
propagation in both homogeneous and heterogeneous mediums, flame stabiliza-
tion, combustion oscillations, and smoke and carbon formation. The practical
significance and the relation of these processes to theory are presented.

Certain limitations have been necessary. The references were selected horn
a complete review of the fieId in order to illustrate points that were pertinent to
the subject. at the date of writing. Thus, the references cited are a thorough
bibliography, but not a complete one. Some important topics may have been
omitted. +lao, the study is directed toward air-breathing engines and hydro-
carbon fuels; rocket engines and fuels other than hydrocarbons, such as the
so-called high+nergy fuels, are considered outside the scope of the study.

Because of continuing progress in the field, this report is not intended as a
final summary of developments. Further, other reports in the NACA general
study will deal separately with the applications of baaic data to performance
and design of combustion systems for engines.

WALTER T. OLSON
chief, Propuki.on chem?k~ Lbision
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BASIC CONSIDERATIONS IN THE COMBUSTION OF HYDROCARBON
FUELS WITH AIR 1

CHAPTER I

ATOMIZATION AND EVAPORATION OF LIQUID FUELS

By CHARLDSC. GRAVESand DONALDW. BAHE

INTRODUCTION

In both turbojet and ramjet engines,
fed into the combustion chamber either

the fuel is usually
as a well-atomized

liquid apray or as a vapor (revaporizing combustor).
Accordingly, the formation of liquid sprays, the evaporation
of both single drops and entire aprays, and the conditions
required for various degrees of fuel flash vaporization are
of interest to the combustion-chamber designer. Theoretical
and experimental work on most of these factom is not suf-
ficiently complete to permit much direct application to
particular combustion chambers. However, even if used
only in a qualitative sense, lmowledge of the principles and
trends involved is required for good combustion-chamber
design,

The factors involved in the atomization and evaporation
of liquid fuel are discussed herein primarily in their own
light and not in relation to their effect on other proceawa
contributing to over-all combustion-chamber performance.
A detailed discumion of the mixing of the liquid and vapor
fuel with the combustion air is presented in chapter H.

SYMBOLS

The following symbols are used in this chapter: -

a constant
B constant
b constant
c constant
7 root mean square moleculm velocity of sur-

rounding fluid
Cp specific heat at constant pressure
D,a mass diflusion coefficient
D8,9 difTusion coefficient of vapor in surrounding fluid
9 distribution constant
d~, drop diameter
d~,,~ mass- or volume-median drop diameter

dir,wi menn drop diameter
ddr~.z maximum stable drop diameter
ddr,o initial drop diameter
dd,~ Sauter mean drop diameter
d~ orifice diametar
d, diameter of undisturbed jet

d.
R.’

fF

&
h
i
j
K
2?
k
1
M
m
dm/dt
N.
N,,
A%.
NuM
Pr
P
PBM

Ap.

;
Re
R&’
$%1,99,9?3

T

rh

Sc

8
1’
Ta,W

T~p
Y
t
tb

air-atomizer throat
ventilation factor
function
fuel-air ratio

diameter

acceleration due to gravity
latent heat of vaporization
specific enthalpy
constant
constant
constant
evaporation constaat
constant
mean free molecular path of surrounding fluid
molecuhw weight
ma9s
evaporation rate of drop
number of drops
flow number
Nusmlt number for heat transfer
Nusaalt number for mass transfer
Prandtl number
ambient pressure
log mean pressmre

stagnant film
nozzle prwsure drop
calstant

of nondiffusing gas over

universal gas constant
Reynolds number
dU..lpo/DOm
ratios of various atomizer dimensions to orifice

diameter
radius
orifice radius
S4dmidt number
constant
static temperature
air temperature at which water has same dif-

ference between air temperature and drop
surface temperature as given liquid

normal boiling point of evaporating liquid
film thickness
time
breakup time of liquid jet

1lWlmkaffnfcumationhwolnhask mxnpikxifromdataoftheNAOAandothercmmfmtiom.Datacdgfnatingculsldeti?oNAOAcannoth reprodnmdfmfortfmdiswnkaffon
wfthontthe~l%n of the or@atiw ~tfon
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Ul?h
Urd

Ural,b

V,l
We
w
x

Y

z
z

;
r
i$~

1,
K
A
A
Amllz

P
v

P
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Subscripts:
a
av
f

!3
j
1
m

:
t
v
1
2
m
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veloci~
velocity of liquid at oriike
relative velocity between drop and air or liquid

filmand air
relative velocity between drop and air at instant

of breakup
volume flow rate
Weber number
weightAow rate
distance between liquid surface and surface

where diffusion starts
variable in logarithmic-normal distribution func-

tion
ml=
axial distance downstream of fuel injectir
accommodation coefficient
spray-cone angle, deg
gamma function
weight fraction of fuel spray containing drops’

of diameter linger than du,
fraction of fuel vaporized
thermal conductivity
size constant in drop-distribution functions
wavelength of surface disturbance
wavelength of surface disturbance producing

maximum film or jet instability
absolute viscosi~
kinematic viscosity
density
surface tension
fraction of heat enteringfilm around evaporating

drop that arrives at drop surface

air
average
fuel
SUHO1.diJlfj fluid
heating; heat transfer
jet
liquid
vapor-air mixture
initial
drop surface
total
vapor
condition prior to vaporization
condition at end of vaporization
infinite distance from drop ‘

ATOMIZATION OF FUEL

A number of excellent papem on the general subject of atom-
ization are available in the literature (e. g., refs. 1 to 4).
For a more detailed study of atomization, the reader is re-
ferred particularly to the survey by Gtien and Nluraszew
(ref. 4) and the bibliography of reference 3 on work in atom-
ization up to 1952.

BASICR=ATIONSFORFUELATOMIZATION

Atomization theory.-lh order to provide the rapid liquid-
fuel evaporation rates required in jet-engine combustom, the

fuel must be finely atomized and well-distributed, The
mechanism of atomization is not well understood; and no
general theory has been evolved to predict the degree of
atomization for particular nozzle designs, fuel properties,
and operating conditions. However, a general picture of
the atomization process can be drawn from considerable
experimental work and some limited theoretical work pr-
eformed in previous years.

The atomization of liquid fuel can be considered to occur
in six steps:

(1) Stretching of fuel into sheets or streams as a result of
accelerating the liquid through the nozzle oriilco

(2) Appearance of small local ripples and protuberances
at the liquid surface as a result of initial liquid
turbulence and the action of the air on the liquid
stream

(3) Formation of ligaments as a result of air pressure and
shearing forces

(4) Collapse of lignments into drops a-aa result of surface
tension

(5) Further breakup of these drops
(6) Agglomeration of drops

Combinations of part or of all these steps wouId appear to
occur whether atomization is effected by injecting fuel at
high velocity into relatively quiescent air (prewure atomiza-
tion) or by the action of a high-velocity airstremn on a rela-
tively low-velocity fuel stream (air atomization). The rela-
tive importmce of each step varies with applimtion, depend-
ing upon such factom as relative velocity between fuel and
air and fuel-air ratio. The various factors involved in tho
atomization process might be best considered by following
the changes occurring in atomization-as the relative velocity
between the fuel and the air is inoreased from low to high
Valuea.

Rayleigh (ref. 5) treated the efIect of rotationally sym-
me-tic disturbances (fig. 1(a)) on tbe breakup of a liquid jet.

(a)

(b)

(a) Rotationally symmetrio oscillations.
(b) -Waveformation.

Fmmm l.—Distarbanoe of low=velooityliquld jet.
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He showed that a liquid jet subject to surface disturbance
becomes unstable when the wavelength of the surface dis-
turbance h divided by the diameter of the undisturbed jet d
is greater than r. Under such conditions the surface dis-
turbances increase and iinally result in the breakup of the
jet into drops. When hl~ is equal to 4.51, the surfaca dis-
turbances increase at the maximum rate and result in the
maximum degree of jet instability. In experiments on a
free-frillingjet, Tyler (ref. 6) obtained a value for X/d equal
to 4,65. On the basis of these tests, Tyler concluded that the
breakup of such jets occurs under the condition of maximum
degree of instability as given by the Rayleigh theory.

Weber (ref. 7) extended the Rayleigh analysis to viscous
liquids moving at low velocities. When the air and fuel
have the same veloci~, the breakup time tbof a liquid jet
caused by rotationally symmetric disturbances (fig. 1(a))
can be expressed by the equation

“=K[(:)”’d~”’+3(:)d’l
(1)

The value of X/d, for the maximum degree of jet instability
is given by the equation

$y=”@p+’(+y~=w(l+’@(2)

where

d (J
2 @ Wej

z=
Rej

~e _plul.hdj “
3 P1

Pm,ldWej= 2C

When the three precading terms are combined,

From these equations, it can be seen that both breakup time
and the optimum value of A/dj for breakup increase with
increasing viscosity and decrease with increasing surface
tension. The trends predicted by the Weber analysis (ref.
7) are in agreement with the experiments of Haenlein (ref. 8).

In an analysis of the effect of viscosity on jet instability
(ref. 9), the wavelength of the surface disturbance resulting
in maximum instability was found to be a function of the
ratio M/I.Ln.

At higher relative velocities, wave formation (fig. 1(b)) is
encountered as a result of air effects. Weber showed that
a minimum relative velocity must exist for the onset of
wave formation. As this velocity is exceeded, the required
distance for breakup decreases.

The various stages of atomization for simple jets were
separated by Ohnesorge (ref. 10) into three groups, as shown
in figure 2. Here, the dimensionlessparameter Z of equation
(2) is plotted against the jet Reynolds number. In region I,

the jet broke up in accordance with the Rayleigh-type
disturbance (fig. 1(a)). In region H, the jet brealmp
occurred in the form of helicoidal wavea. In region ~j
compleb disruption of the jet occurred at the orifice.

Jet breakup resulting from wave formation has also been
considered for swirl-type pressure-atomizing nozzles. l$or
swirl-type nozzles operating under a moderate pressure
differential, the liquid emerges bm the oriiice in the form
of a conical iilm. Waves and holes appear in the ti,
which eventually disintegrates to form the spray. ho
theoretical investigations (refs. 11 and 12) have been made
in an attempt to explain the breakup of the fi as the
result of wave formation. The analyses follow- the classical
treatment given by Lamb (ref. 13). The ralative veloci~
between the iilm and the surrounding medium is assumed
constant, and the film is treated as two-dimensional. H
the lib is flat (fig. 3(a)), it is not subject to disturbing or
restoring forces. However, if there is a slight surface bulge,

L&d
10 ,3 . .=. .= . . =- =..=..- =. -_
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Fmum 2.-Stages of atomization tith simple orfioe (ref. 10).

the iihn is subject to both aerodynamic and surface-tension
forces. At the bulge, a local decrease in pressure occum
that tends to increase the surface disturbance. This force
is opposed by restoring forces resulting horn surface ten-
sion. Under certain conditions, where aerodynamic forces
predominate, the flru becomes unstable and eventually
breaks up.

The analysis in reference 11 is concerned with il.m breakup
resulting horn asymmetric oscillations. For this type of
oscillation, the oross section of the il.hnis as shown in figure
3(b). The thickness of the disturbed ilm is considered
to be constant. It was found that the film is unstable for

(3)

For We(pJP.)>>1, the wavelength A of the surface disturb-
ance resulting in maximum instability of the film is

4TU
A*—

Psm
(4)

Equation (4) can be mpresmd as

(5)
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Fair agreement was found between predicted and cxdculated
values of A* obtained bm photographs of swirl atomizer
sprays (ref. 14). Symmetrical oscillations, in which the
mean surface of the illrnremains flat, would also rwdt in an
unstable iihn. However, the degree of instability was stated
to be much less than for the asymmetric oscillation considered
in reference 11.

In reference 12, a similar type of analysis was made
independently. In this treatment, the film cross section was
considered to have the form shown in figure 3(c). The case
of exponential increase in wave amplitude was considered
in detail.

At high relative velocities between liquid and air, complete
disruption of the liquid jet occurs close to the fuel orifice
and results in the formation of large numbem of drops.
This type of atomization occurs particularly in the case of
air atomization and is also found with prexmre-atomizing
nozzles operating under high injection-pressure differentials.
An analytical study of this type of atomization was made
by Castlemam (ref. 15) who applied the Rayleigh analysis
(ref. 5) to the case of air atomization in which ligaments are
torn from the liquid jet surface. Accortig to the Caatleman
picture of atomization, ligaments are drawn from the main
mass and collapse, because of their instabili~, into a number
of drops. At the higher airspeeds, finer ligaments are
formed, which break up to form smaller drops. Higher

,. Ligorrent Cmteffilm
——— —— ——— ——— -L ——— — ——— —

,+igmt surface

(a)

(b)

——— ——— — ——— —— ——— .— ————.

(c)

(a) Undisturbediihn.
(b) Aaymmetriowave formation (ref. 11).
(o) Synunetriowave formation (ref. 12).

FIGURE3.—IVave formation for liquid~sheets.

surface tension would cause quicker collapse of the ligaments
before they are drawn too finely and would result in larger ‘
drops. These trends are verified by experiment.

At high relative velocities between fuel and air, the drops
formed from the breakup of the ligaments may, in turn,
be broken up as a result of air effecti. This mechanism was
studied by Hiqze (ref. 16) and Lane (ref. 17). Hinze
showed that the criterion for drop breakup is the appropriate
value of the .Weber number We as given by

We=PxJ?.l&?
2U

(6)

The predicted value of We for breakup varied between 6 for
low-v-iscosi@- liquids and 10 for high-viscosity liquids for
a liquid drop exposed suddenly to a constant-velocity air-
streaa. Under most atomization conditions, however, the
relative veloci~ betiveen drop and airstremn decreases
rapidly. If the viscositi appreciably decreases the rate of
drop deformation, the relative velocity may be reduced
below the critical vahe before the drop is substantially de-
formed. Consequently, the critical initial value of velocity
for drop breakup under actual atomizing conditions may be
much higher than the steady-state critical velocity obtained
from equation (6). In addition, the actual effect of drop
viscosity on drop breakup may be much higher than that
predicted from theory.

Lane (ref. 17) investigated the breakup of individual
drops exposed to steady and transient airstreams. In one
set of experiments, water drops having initial diamotom
ranging from 0.5 to 5.o millimeter were dropped into a
constant-velocity airstream. At a critical relative velocity
between drop and air, the freely falling drops aasumed the
form of hollow bags, which subsequently burst and produced
a shower of drops. The relation between drop velocity
and diameter at breakup could be expressed by the equation

~el.b&r=6~2 (7)

where the drop diameter is in *etem ~d urel,bis h
meters per second. Additional teds using liquids having
surface tenrnons u varying from approximately 28 to 475
dynes per centimeter established the relation

(s)

These results are in agreement with the prediction of Hinze
that drop breakup is associated with a critical vahm of
Weber number. Experiments conducted with high-velocity
transient air blasts showed that under these conditions thin
layers -were stripped from the drop surface before it was
appreciably deformed. Drop-size measurements indicated
that equation (7) would predict too great a rate of decrease
in drop size at the very high-velocity conditions. On tlm
basis of the Hinze and Lane results, average spray drop
size as affected by drop breakup would be expected to be
larger for fuds having higher surface tensions and viscosities.
Calculations based on the breakup of single drops have bem
found to give a close estimate of the maximqm drop size
found in isooctane sprays atomized by high-velocity air-
streams (ref. 1S).
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Collision of drops with resulting agglomeration may cause
a sizable increase in average drop size. Under the
high turbulence levels in jet-engine combustms, the collision
rnto might be expected to be large, particularly where there
is rLlarge number of drops per unit volume of combustion
space. Where pressure-atomizing nozzles are used, collisions
deo occur as a result of the difference in velocities of the
various sized drops. Under conditions of high nozzle
fmssure drop, atomization occurs close to the nozzle orifice.
Smafl drops decrease rapidly in velocity and tend to collect
near the nozzle. The larger drops, which retain their
velo~!ity over longer distances, overtake and collide with
smaller drops in their flight path.

The effect of agglomeration is indicated for pre.ssure-
atomizing nozzles from determination of mean drop sizes
at various distances from the nozzle orifice in reference 19.
Agglomeration was believed to have caused the observed
increase in mean drop size with increase in distance from
tho nozzle. In tests us~g the molten-wax method (ref.20),
agglomeration was found to be quite pronounced for low-
ccme+mgle swirl nozzles operating at high pressure drops.

Drop-size distribution in sprays.-One of the liquid-fuel
spray characteristic of direct interest to the combuetion-
chamber designex is the fractional weight of the spray
distributed among the various drop sizes. Drop-size dis-
tribution relations have been used in the calculation of
theoretical evaporation rates of liquid-fuel sprays (ref. 21).
Eventually, when the process of fuel spray evaporation is
better understood, knowledge of drop+ize distribution will
be of use to the designer in the determination of fuel spray
evaporation rates for particular designs and operating
conditions.

A typical example of the drop-size distribution for a
liquid-fuel spray is shown in figure 4(a), where the distribu-
tion is given in the cumulative mass-fraction form; that is,
the weight fraction ~~,of the total spray containing drops of
diameter larger than d~r. In figure 4(b), the same distribu-
tion is given in the diiTerentialform; here, the area under
the curve between two values of d~rrepresents the weight
fraction of the total spray containing that particular range
of drop diameters.

* Since the theory of atomization is still not completely
understood, recourse has been made to empirically fitted
ma thematicd expressionsfor drop-size distributions, such as
presented in table I. Four of the more well-lmown relations,
Nukiyama-Tanasawa (ref. 22), Rosin-Rammler (ref. 23),
logarithmic-normal (ref. 24), and upper-limit (ref. 25), are
presented in table I. The relations are given in both the
cumulative mass-fraction and differential forms. In addi-
tion, expressions are given for the mean drop diameter
dd,,~.

The general expression for d~,,. is given by

‘r”=FJ:r=EF:=r“)
For example, the Sauter mean diameter de,=, which involves
a ratio of volume ~, and surface ~~,, is obtained by setting

t

t

.1
v

\

o
(a)

3.$

3.0

1

(a) Cumulativeform.
(b) Differential form.

FIWIiE A—Fuel spray drop-size distribution.

c=3 and s=2. Relations for the Sauter mean diameter are
also presented in table I.

The medismdrop diameterd~,m may also be used. Median
drop diameters are defined as diameters dividing the spray
into two equal parts, in terms of such properties as volume,
surface area, or number. A commonly used median diameter
is the mass- or volume-median diameter.
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TABLE I.—MATHEMATICAL EXPRESSIONS FOR DROP-SIZE DISTRIBUTION (ROf.26)

Rosin-Itmnmkr--.--------

The Rosin-Rammler expression (table I) is a special form
of the more general Nukiyama-Tanasawa expression in
which the exponents b and q have values such that the
differential form is readily integrated to the cumulative
mass-fraction form. Both the logarithmic-normal and upper-
Iimit relations (see @ble I) use the following qmssion in
the normal-probability distribution curve:

?/=JwwdJl (lo)

In the logarithmic-normal relation,. X(cZti) has the form
dJA, where A is related to mean drop size. k the upper-
limit relation ~(d~,) has the form ~dd,/(d.~,_<dr). This
form of =(d~,) was chosen in order to make the predicted
frequaucy of distribution approach zero at a finite drop size,
in accordance with experimental data.

WMI the exception of the logarithmi~normrd relation,
the expressions in table I are not based on a physical model
of size reduction. Epstein (ref. 24) has shown that the size
distribution of crushed solids approaches the logarithmic-
normal distribution law asymptotically as the crushiug
process is continued, provided certain conditions of the
breakup mechanism are satisiied. However, gince none of
the relations are derived on the basis of a physical model of
the atomization of a fuel spray, the choice of which relation
to use must depend upon the ability of the relation to rep-
resent accurately the experimental drop-size distribution
data. In some cases, the choice based on accuracy of repre-
sentation may be tempered by ease of use of the relation in
applicdion to such processes as fuel spray evaporation and
combustion. ‘

The expressions in table I require evaluation of two
constants, one a measure of mean drop size and the other a
mcnsure of spray uniformi@. The upper-limit equation
requires evaluation of an additional constant, the maximum

dr,aa

b-llu

()r l–~
.

or
A

77

1
r l–g

ddr,m
l+ Kel’4@

●mmg-h @_ bWhereJ’-ln K&r
A .i&--d4,”

stable drep diameter ddt,~=. Determination of the constants
@ the relations of table I, as required for the best fitting of
the relations to experimentally determined drop-size dis-
tribution, is readily accomplished by graphical methods,
Functional scales are employed (e. g., probability paper) so
that the data approximate a straight line when plotted,
Values of the constants are obtained from the slopes and the
intercepts of best straight lines through the data. However,
the use of such graphical procedures may remdt in appreci-
able error (ref. 26).

Of the four relations in table I, the Rosin-Rrunmler ex-
pression is the easiest to use in the cumulative mass-fraction
form. k this form, it is a simple exponential function,
whereas the other relations require use of tables of the incom-
plete gamma function I’ of probability integral, The upper-
limit and logarithmic-probability relations have the simplest
form in terms of the Sauter mean diameter. The upper-
limit relation follows the trends of experimentally determined
drop-size distribution data more closely, in that it is based
on the existence of a maximum stable drop dhmeter. While
the other relations predict existence of drops of iniinite
diameter, the predicted frequency of occurrence of the
larger-diameter drops becemes quite small. Accordingly,
errers associated with the predicted occurrence of iniinite-
diameter drops may be small where such relations me
used in theoretical amdyses of fuel spray evaporation
or combustion ~tes, particularly finely atomized sprays,
Under these conditions, the Rosin-Rammler relation
appears to be the most convenient to use. It should bo
noted, however, that appreciable differences between
calculated and actual mean drop sizes may be encountered
in the application of the iirst three relations of
table I, particularly the Nukiyama-Tauasawa relation,
to experimental drop-size distribution data (ref. 26). I?’or
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example, the Nukiyama-Tanasawa relation may give a
Sauter mean diameter larger than that of the largest drop
found in the sample. References 25 to 27 give a more com-
plete discussion of the application, advantages, and dis-
advantage of the relations of table I.

Several other methods of treating experimental drop-size
distribution data have been reported in the recent literature.
Since these methods have not had much use up to the present
time, only a brief description will be given. IP reference 28
an adjustment factor (a function of drop diameter) was ap-
plied to the logarithmicmormal relation to correct for devia-
tion of the experimental data from the probability curve.
The primary purpose of this adjustment factor appears to
be correction for the deviation between the experimental and
logarithmic-probability distribution in the larger drop-tie
rangeO. Reference 29 found that, for data from a pressure-
atomizing nozzle, a plot of the square root of drop diamet8r
gave a better straight-line plot on probability papez than a
plot of the diameter to the first power. Ii reference 30, for
data horn an air-atomizing nozzle, the following distribution
function gave s~tisfactory representation of the experimental
data:

d~=w&e-Eddr
d(djy)

(11)

Dimensional analysis.-Dimensional analysea have been
used by a number of investigators in studies of atomization
(see, e. g., refs. 4, 20, 31, and 32). Theoretical and experi-
mental investigations of atomization indicate that the follow-
ing flow and ~eometric variables should be considered in i
kensional a~alysis of the atomization process:

Variable

Avernge drop dhupeter da,.,
Atomizer ofice dwne~r, dk
Surface tension, u
Density of atomized liquid, PI
Visoosity of atomized Ii uI~ w

i%Velooity of liquid at or oe, VI k
Velooity of surroundingflui~ tic
Density of surroundingflui~ p=
Viscosity of surroundingfluI& p.
Ratios of various atomuer dimensionsto orifice di-

ameter (dimensionlem),.%, %, %

)imensioa
(M,L,T
system)

L

M~W
M/n
M/LT
L/T
L/T
M/IJ
M/LT

From dimensional analysis, the relation among these vaxia-
bles can be reduced to the following dimensio~ess equation:

As previously noted, the jet Weber and Reynolds numbers
and the viscosity and density ratios of equation (12) have
been encountered in fundmmmtal studies of the breakup of
liquid jets and drops. The velocity ratio UJUIA of equation
(12) would be important in air atomization.

AIRATOMIZA’IION

One of the most extensive series of experiments on air
atomization was conducted by Nukiyama and Tanasawa

(refs. 22 and 33 to 35). Drop-size distribution and awrage
drop size were determined for a range of liquid properties,
flow conditions, and atomizer sizes and configurations. With
the exception of a few scattered tests, all data were obtained
at subsonic air velocities. All ~ts were conducted with
the atomizer exhausting into the room air. Drop sizes were
determined by collecting samples of the spray on small oil-
coated glass slid=. The experimental results were expressed
in terms of the Sauter mean diameter d~,,ncalculated directly
from the dati by the equation

(13)

where ANd, is the number of droplets having diametem be-
tween d~,—(Ad~,/2) and d~,+ (Ad~,/2). The degree of ac-
curacy of drop-size me.asurementawas estimated to be on
the order of +15 percent.

In referenm 33, experiments were conducted using water
and a converging air nozzle as shown in figure 5(a). The
Sautw mean diameter was essentially independent of the
size of the air and water nozzles for water-nozzle diametars
from 0.2 to 1.0 millimeter and air-nozzle diametem from 2
to 5 millimet.em. Tranakion from laminar to turbulent flow
conditions in the water jet appeared to have little effect on
drop size. The Sauter mean diaineter was found to be a
function of (1) the relative velocity U,dlbetween water and
air and (2) the ratio of volume flow rates of air and water
VJl,JVfL,. The volume flow rate of air was mmputed on
the basis of the density at the throat of the air nozzle. The
relative velocity U7.1was calculated horn the volume flow
rates and the cross-sectional areas at the throats of the
water and air nozzles. Drop size decreaaed with increasing
VILdVIL~. However, for VILJVIZ,~>5000, the effect of the
ratio became’ negligible, and da,,= was invermilyproportional
to the relative velocity.

In reference 34, similar experiments were conducted with
water and the two atomizers shown in figures 5(b) and (c).
The data covered a range of nozzle sizes and flow conditions.
It was concluded that, if the air velocity is based on the
cross+ectional area of the vena contracta, there is no eflect of
atomizer ccmflguration on average drop size. Relative posi-
tion of the water and air nozzles had a negligible effect on
average drop size, even when the water nozzle was well into
the vena contracta region of the air jet. However, at greater

Liquid Liquid

, Air Air
I

Liquid

(a) (b) (c)

(a) Convergingnozzle. (o) Straight-borednozzlw
(b) 120° Knife-edge nozzle.

I?mmm &-Air-atornising nozzles (refs. 22 and 33 to 36).
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distances downstream of the air jet where lower air velocities
would exist, an increase in average drop size was obtained.
The sizes of air and water nozzles were again found to have
little effect on average drop sizes.

In reference 22, the Nukiyam*Tanasawa distribution
function (table I) was developed and applied to data from
references 33 and 34. For high values of VflZ/Vfu and UW,
the values of 6 and gin thisrelation were found to be 2 and 1,
respectively, for all nozzles. At low values of either Vf~,J
Vfl,l or U,,,, i5=2 and g<l.

In reference 35, drop-size distributions and average drop
sizeswere determined for the nozzle type of figure 5(c) over a
range of atomizer sizes,floti conditions, and liquid properties.
Ranges of liquid surface tensions u horn 30 to 73 dynes per
Cant,imeter,densities pt from 0.8 to 1.2 grams per cubic centi-
meter, and viscosities w from 0.01 to 0.3 poise were obtained
by varying the proportions of an alcohol~lycerin-water solu-
tion. The effects of flow conditions and liquid properties on
average drop size were correlated by the expression

d&u=585 L
ur*[Kl

+597(-&=46 (looo~)L’timoM

(14)

where the fuel properties have the units given preciously and
U,$zis in metem per second. From this relation, it is seen
that, for large values of VfUIVrZ,l,atomization iS a fiction
only of relative velocim, surface tension, and liquid density.
At lower values of V11#7fl,l, drop size inc+easea and liquid
viscosity influences atomization. Equation (14) is not
dimensionally consistent.]

Ingebo (ref. 18) made a photographic investigation of
isooctane sprays produced by contm.tieam injection from a
simple oriticeinto high-velocity airstreams. The air pressure,
air temperature, and fuel-orifice pressure drop tiere held con-
stant during the tests. The mean drop diameter dti,rn(diam.
of drop having mea equal to total spray area divided by total
number of drops in spray) was determined at several stations
downstream of the fuel injector for air velocities of 140 and
180 feet per second. In order to compare experimental values
of dti,~ with values predicted by equation (14), use was made
of the following relation, obtained from the Nnkiyama-
Tanaamva dietibution function (ref. 22) for q equal to 1
(see table I):

d~,,~=O.693 dd,.~ (15)

At a distance 1 inch downstream of the fuel orifice and an air
velocity of 180 feet per second, the predicted and experi-
mental values of d~,,n agreed well. However, the change in
mean drop size with air velocity predicted by equation (14)
was somewhat greater than that found experimentally.

Hrubec@ (ref. 36), in a study of air atomization of water,
found that (1) liquid injection parallel to the airstream gave
better atomization than injection normal to the airstream,
and (2) best atomization with paral.kdinjection was obtained
when the liquid entered in the region of maximum air veloc-
ity. Values of the Sauter mean diameter obtained from
equation (14) agreed reasonably well with experimental
values for some of the test conditions investigated.

The experiments of Nukiyanm and Tanasawa did not
cover the effects of gas properties on atomization. However,
in reference 37, some limited experimental results are pre-
sented which indicate the general effect of gas temperat~o,
viscoQ@-, and density on median drop size for Venturi
atomizers. Comparison of data obtained with nitrogen
and ethene as the atomizing gases indicated that, at constant
gas velocity, density, and ratio of liquid-to-gas volume
flow rates, a 60-percent decrease in gas viscosity resulted in
approximately the same percentage increase in median
diameter. The eflect of gas density on atomization waa
indicated from comparison of data obtained with nitrogen
and helium as the atomizing gases. At constant gas vis-
cosity and ratio of liquid-to-gas volume flow rates, a decrease
in gas density at the atomizer throat from 1.18 to 0.169
gram per liter rem.dtedin an approximately twofold increase
in median drop diameter despite an increase in velocity.

Sulfur inlet

illI
/
t
---- Steam inkt

t ‘“++ i

Abmizing-
air line

FIGURZ6.—Ventud-type salfur atomizer (reprinted by perrnkdon
from ref. 38).

Results obta-med with an exhaust-gas Venturi atomizer
indicated that, at high liquid-to-gaa volume flow ratios,
improved atomization would be expected with the use of
high atomizing-gas temperatures. At low ratios of liquid-
to-gas volume flow rates, the improvement would be small.
This result is consistent with trends suggested by con-
sideration of the Nnkiyama-Tanasawa drop-size correlation
(eq. (14)) and effects of increased temperature on fuel
viscosi~. Heating the fuel by the high-temperature atom-
izing gas would result in lowered fuel viscosity. As indicated
by equation (14), this reduced viscosity would appreciably
affect drop size only at the large ratios of liquid-to-gas
volume flow rates. The effect would be expected to be
greater for liquids having high viscosity indices.

Drop-size measurements were made in reference 38 for
the atomization of molten S* in a Venturi-me atomizer.
A sketch of the atomizer is presented in figure 6. Tho
throat had a diameter of % inch. A flared diverging section
was provided to reduce wall wetting. The air temperature
for all experiments was held at approximately 293° l?.
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(a) Convergent nozzles.

w

FIGH 7.-&mio air-atomizingnozzles (ref. 39).

(b) Medium divergentnozzle.

For subsonic throat velocities, the Sauter mean diameter
d~,m in microns was given in reference 38 by

~r”=%+’’(loooel”’
(16)

where the volume flow rate of air was based on conditions
at the Venturi throat. The Sauter mean diameter was
given in terms of weight flow by

& ,,=687(1-5+%~r, W=O”Q
(17)

where U,,Zis in feet per second and W. and WIare the weight-
flow rates of air and sulfur, respectively, in pounds per hour.
It was noted that the data at subsonic air velocities were
in approximate agreement with the predictions of the
Nukiyama-Tanasawa equation if approxhnate corrections
were made for the effect of air temperature on atomization
as found in reference 37.

l?or a limited set of data at sonic throat velocitiw,

&,.=2,,,oo@:a:;) (18)

It was suggested that equations (17) and (18) could be.
applied to other atomizers by multiplying WCand w1for the
new atomizer by (0.25/d~Jz, where G?tiis the new throat
diameter in inches.

Air atomization at sonic air velocities was also studied in
reference 39. All teds were conducted for the atomizem
exhausting to room air. Drop sample-awere collected by
swinging a transprmnt, oil-coated plastic slide across the
spray. The drop samples were analyzed by photomicro-
graphing the slides and counting the number of drops con-
tained within 5-micron intervals of drop diameter. Results
were espreaaedintermsof the volum~median drop dimneter—
that is, the drop diameter that divides the spray into two
groups of equal volume. Three convergent nozzles and one
divergent nozzle were tcsted. The three convergent nozzles

were scaled in proportion, as indicated in figure 7(a). A
sketch of the divergent nozzle is shown in figure 7(b).

The results of the tests for water atomization are presented
in figure 8, where the volume-median diameter is plotted
agaimt the water-to-air weightAlo-ivratio. The atomization
waa independent of either air pressure or water-flow rate for
a constant value of water-to-air weight-flow ratio. The
volume-median diameter increasedwith increase in nozzle size
and water-to-air weight-flow ratio. The nozzle-size effects
were considered to be mainly a function of the air-oriiice
size. As indicated in figure 8, the divergent nozzle produced
larger median drop diameters than the convergent nozzle
having the same throat diameter. This result might be
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median drop diameter (ref. 39).



. ——-.———— -.-— ———— —- - — -——

204 REPORT130&NATIONAL ADVISORY COMMJTI’DD FOR AERONAUTICS

80

0

70
<> /

/
o

60

z0
$

50
/

s
#

:“

z
+ 40

/ ‘

a.
~ o

u t

c
.=
u
g 30
& f)

i!

[

20
/

o

/
D

c1 Surfpce
Density, Vkcxxity, t~m

10
/ Lkquid -J%% ofi dy7”:m

; ~g:tio,- :;; :C#q ::

15% glycerin
I I I I I

o ,2 .4 --- .6 .8 1.0
Liquid-to-air w&qht-flw mtb, Wz/wa
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attributed to wall wetting, since the divergent portion of
the nozzle had a small included angle. The results of
reference 39 are not in accord with those of reference 38,
where it was found that drop size me a function of airflow
rate as well ae the ratio of liquid-to-air weight-flow rates.

Additional tests were conducted with the small convergent
nozzle using ethylene glycul and a mixture of methanol and
glycerin. The results are shown in tigu.re9, where volume-
medim drop diameter k again plotted against the liquid-to-
air weight-flow ratio. Ethylene glycol, a dense, viscous
liquid, produced appreciably larger volume-median drop
diameters than water or the methanol-glycarin mixture.
For purposes of comparison, the properties of the three
liquids at the conditions used are also presented in @ure 9.
On the basis of the resuhk shown in iigure 9, viscosity ie of
greater importance than surface tension in the determination
of the median drop size for sonic atomizem.

In figure 10, the volume-median drop diameter k plotted
on log-log paper against the air-ori.iicediameter of the three
c-onvergent nozzlee for several value9 of the ratio of -ivater-
to-air weightiflow rate. From the average value of the
slopes of best straight lines through the data, the volume-

(a) j&Inah orifice. (b) j&Inch orifice.
lkmm il.—High-pressure air atomizera (refs. 30 and 40).

I
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I?mmm 10.—Effect of air-orifice diameter of sonio air atomizer on
El volume-median drop diameter (ref. 39).
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median drop diameter is approximately proportional to the
0.4 power of the air-oriiice diameter.

Tests were conducted in reference 30 to determine flow
characteristics and drop-size distribution for a particulm
high-pressure air atomizer designed to be used with highly
viscous fuels in gas-turbine combust.cna. The general
features of the atomizer are presented in figure n(a). A
high rotational speed was imparted to the air by means of the
helical swirler in the innerbody. Fuel entered the atomizing
section in a radial direction through a narrow gap formed
between the end of the innerbody and the outer casing.
This type of design presented the fuel as a thin film to a
high-speed, swirling airstream. Tests were made for two
fuel-gap widths (0.005 and 0.010 in.), air pressures horn 20
to 100 pounds per square inch gage, and fuel pressures horn
10 to 50 pounds per square inch gage. All data were obtained
with the atomizer exhausting to room air. Drop siz~ were
determined by the molten-w-ax method, with the wax pre-
heated to simulate fuels having kinematic viscosities of 10
and 20 centistokes, respectively. In order to minimize
Meets of changes in viscosity with cooling on the initial
phase of atomization, the supply temperatures of the
mtomizing air and wax were held at the same value. The
experimentaldrop-size data were satisfactorily represented by
equation (11). Although the information obtained was
inmd%cient to determine definite correlations, the data
indicated that average drop size increased yith (1) increase
in fuel flow, (2) decrease in airflow, (3) increase in fuel
gap, and (4) incrense in fuel ticosity. The range of ratios
of fuel- to air-mass-flow rata was appreciably larger (0.8

b 400) than that investigated in reference 39 (0.1 to 0.9).
In reference 40, additional tests were conducted on a larger

vemion of the N. G. T. E. air-blast atomizer of reference 30.
A sketch of the larger atomizer is presented in figure n(b).
There is some differauce in the general features of the two
atomizers of figure 11. However, the actual atomizing
sections were considered to have sufficient geometric simi-
larity to permit some confidence to be placed in conclusions
as to the effect of atomizer size on mean drop size. The
experimental drop-size data were again found to be satis-
factorily represmted by equation (11).

The data of reference 40 are plotted in @me 12 as the
Sauter mean diameter against fuel-h ratios for fuel vi8-
cositiea of 20 and 40 centistokes. An approximate correla-
tion is indicated. However, it was noted in reference 40
that, at a given fuel-air ratio, smaller mean drop sizes were
obtained at the higher fuel-flow (or airflow) rates. This trend
is in agreement with the results obtained in reference 38.

From comparison of the drop-size data obtained with the
atomizers of references 30 tmd 40 it was concluded that
mean drop size was approximately proportional to the square
root of the air-ofice diameter. This is in reasonable
agreement with the data obtained in reference 39 (see fig. 10).

CENTEIFU~ALPEFSSUREATOE~G NO~
The centrifugal pressure-atomizing nozzle, which is widely

used in gas-turbine combustom, can produce well-atomized
sprays without the high efflux velocities, and hence long
penetration distances, of the simple oriiice nozzles such as
used in diesel engines. In addition, its wide dispemion of
fuel is conducive to better mixing of fuel and air.
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FIGURE13.—Variationof fuel spray configurationwith fuel-nozzlepressuredrop.

The general characteristics of the spray produced by a
fhed-c.mdlguration centrifugal pressure-atomizing (simplex)
nozzle at various nozzle pressure drops are illustrated in
figure 13. The pictur~ were obtained with the nozzle
spraying JP-1 fuel into quiescent room air. Four steps in
spray formation are evident. At a very low pressure drop
(fig. 13(a)) the rotational energy imparted to the fuel by
the nozzle is so low that the fuel simply dribbles horn the
ofice. With an increase in pressure drop (fig. 13(b)) a
“bubble” form of the spray appears. The turbulent, high-
temperature gas streams in the combustor would probably

break up this “bubble” to forma comae spray. The surface
disturbances considered in the analysea of spray formation
(see section on atomization theory) are indicated by tho
corrugations in the liquid illrn. With further increase in
pressure drop (fig. 13(c)) the “bubble” opens. However,
the corrugated iilm pemists for some distance from the nozzlo
orifice, and the spray<one angle is not -welldefined. I?inallyj
at a high pressuredrop (fig. 13(d)) the corrugated iilrn breaks
up close to the nozzle orifice, and a relatively tie spray
having a well-defied cone angle is produced.

Much work has been devoted to the simplex nozzle m a
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result of the impetus given by its use in the earlier models
of aircraft gas-turbine combustom and for such industrial
purposes as spray-drying. The two general types of the
simplex nozzle used might be classified as the grooved-core
and the whirl-chamber types. In the groovedare nozzle,
the swirl required for the hollow-cone spray is obtained by
using spiral grooves in the nozzle insert. In the whirl-
chamber nozzle, this swirl is imparted by injecting the liquid
trmgentirdly into a whirl chamber. The major portion of
data reported on drop4ze distribution has been obtained
with the whirl-type nozzle. With the exception of some
limited data in references 2 and 41, no published data are ,
available for wide-flow-range nozzles such as the duplex that
are generally used in current turbojet-engine combustors.
Tho various types of simplex and wide-flow-range nozzles are
described in references 42 to 44.

It is emphasized that only a few of the investigations have
been of such scope as to offer hope of predicting reasonably
accurate atomization characteristics for nozzles, fuels, or
operating conditions other than the particular ones tested.
Appreciably difTerentvariation in trends and sometimes op-
posite. trends have been obtained or suggested by diiferent
investigators. In addition, values for average drop size and
spray uniformity have usually been obtained for the nozzles
spmying into quiescent air at room temperature and pressure.
Under actual combustor conditions, the fuel spray is generally
subjected to a blast of highly turbulent hot gases covering a
range of pressures, temperature, and velocities. Quantita-
tive knowledge of the effect of such variables on fuel sprays
from swirl-type nozzles is lacking. However, some trends
may be assumed from results of several of the investigations
reported in the literature. In general, data available in the
literature on fuel sprays are sufficient to give the combustor
designer rLrough idea of the spray-atomization characteristics
required for calculations of fuel spray burning and evapora-
tion rates.

An extensive study of atomization for centrifugal press~e
nozzles operating with fuel oil was made by Longwell (ref. 45).
Drop-size distribution was determined by tieezing part of
the spray and sieving drops into various size groups. The
drop-size distribution data were correlated by the following
equations:

f).72X104r* e“”7&&,M. —
sin ~ Ap:n

2

where
distribution constant
drop diameter, microns
mass-median drop diameter, micronE
nozzle pressure drop (50 to 300 lb/sq in.)
nozzle-orifice radius (0.04 to 1.4 cm)
spray-cone angle (60° to 120°)
fractional weight of spray containing drops

hmgerthan dd,
kinematic viscosity (0.08 to 0.8 cm2/see)

(19)

I

(20)

of diameter

The distribution constant, which is a measure of the weight
fraction of spray contained within a given range of drop
diameters about the most probable drop diameter, is plotted
in figure 14. Larger values of ~ are associated with large
fractions of the spray contained within the given drop+ize
range and consequently with a more uniform spray.

Correlations of drop-size data with operating parameters
are given by Bowen and Joyce (ref. 46) and by Watson
(ref. 47). As an example of such correlations, Watson
reports that

~,~=a(~f~)’ (P)j(Ap.)-’ (21)

w-here the flow number iVjl is defined as

~fl=l’low rate (gal/hr)

4F.
(22)

Watson reports that Joseph Lucas and Company data show
the exponents to have the following values:

i=O. 209
j=O. 215

}
(23)

k=o. 348

With these values equation (21) can be ream—anged into log
form as

log dd,~=log ~+0. 209 log iVIA-O. 215 log v–
0.348 log Apm (24)

In referauce 48, the drop-size data for two Monarch noz-
zles having rated capacities of 3.0 and 17.5 gallons per hour

FIGURE14.-Distribution constant for a fuel-oil spray (ref. 45).
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were correlated in terms of the Rosin-Rammler distribution
function. Molten wax, simulating kerosene, was sprayed
into room air. Nozzle pressure drops ranged bm 25 to
150 pounds per square inch. Drop sizes were determined
by measuring photographs of representative samples of the
solidi.tieddroplets. The final rwults were &pressed by the
following equationa:
For the 3.O-gallon-pm-hour nozzle:

A=494 Ap~Lw llliCrOIIS (25)

d.r3=392 Ap:&3u microns (26)

For t%e 17.5-gallon-per-hour nozzle:

A=342 Ap~&17miCrODS (27)

d~,3=251 Ap~O”’7microns (28)

The spray-cone angles of the nozzles were not reported.
Bow-en and Joyce (ref. 46) obtained correlations based on

the complete set of molten-wax data up to that time. All
the data were obtained with molten wax having a viscosity
simulating that of kerosene (approximately 2.o centistokes).
The major portion of the data was obtained with Joseph
Lucas and Company whirl-type centrifugal atomizem. The
geneml features of the swirl chambers of these atomizers are
given in reference 49. The following correlations were
given:

log d.rm=2.6164– (0.3712–0.0258 NJ,) log @n (29)

log A= (2.7008+0.02162 Nfl)– (0.3358–0.02427 NfJ log APn
(30)

where Nf 1is the flow number (equals 1.2 times nozzle output
in gal/hr divided by square root of pressure drop in
lb/sq in.; usually determined at a nozzle pressure drop of
100 lb/sq in.). The distribution constant ~ in the Rosin-
Rmunler distribution law (table I) can be obtained from
the equation

l“gF(’-i)l=logA-log~= ‘ ’31)

The effects of cone angle on atomization were not appre-
ciable for pressure drops above approximately 30 pounds
per square inch. For low pressfie drops (approximately
10 lb/sq in.) and for cone angles less than approximately 75°,
there was a rapid increase in drop size with decrease in cone
angle. Cone-angle effects predominated in this operating
region. Use of the preceding relations for estimates of
atomization in the low-pressure-drop range was recom-
mended only for atomizers of optimum cone angle. The
relations would give too low an estimate of drop size for
narrow-cone-angle atomizers in this region. No estimate
of the accuracy of theco relations was given.

In reference 50, the drop-size data considered by Bowen
and Joyce (ref. 46) were reanalyzed using the multiple-
rcgression technique. An equation for the Sauter mean
diameter of the form used by Bowen and Joyce was obtained
and is given by

.- !

log dcr,a=2.6447– (0.3970–0.03153 N,l) log fipn (32)
This equation gave an accuracy of +22.9 percent. Tho
data were also correlated in terms of an equation of shnplm
form ghll by

log da,B=2.6219–0.3395 log APm+O.1979log N/z (33)

This equation gave an accuracy of +-23.3 percent. An
additional correlation inoluding the effects of cone anglo
B ~S giVCIlby

log h.,== 3.5060–0.5853 log Apx+O.08171 log Nrd-

0.02331 Nn log APs–O.01743 P+ O.00008236132+

0.002467 B log Ap. (34)

This equation gave an accuracy of +18.1 percent. Um of
this complicated equation was not considered warrrmtecl
except under exceptional oircumstanccs.

All the data of Bow-en and Joyce considered in the fore-
going correlations were obtained for a molten-wax viscosity
of approximately 2.o centistokes. However, Joyce (ref. 44)
has pr~ented a graph giving the results of some preliminary
tests on the effect of viscosity on Sauter menn diameter.
At a nozzle pressure drop of 100 pounds per square inch, an
increase in kinematic viscmity from 2 to 18.6 centistokes
increased the Sauter mean diameter from appro.xhmhly
97 to 140 microns. The results of reference 44 indicato that
the Sauter mean diameter is approximately proportional to
viscosity to the 0.25 power.

A study of spatial spray distribution, drop-size distribu-
tion, and capacity of centrifugal pressure-atomizing nozzles
is reported by Tate and Marshall (ref. 29), The drop-sire
distribution data were obtained with grooved-core com-
mercial nozzles and dyed” water. Spray samples vmro col-
lected in glass-bottom collecting cells filled with a solution
immiscible with water. Drop sizes were determined horn
a visual count of photomicrographs of the samples. Moan
drop size and spray uniformity are expressed in terms of
oriiice diameter and calculated tangential and vertical
velocities of the sprayed liquid. These velocity compo-
nents are “superficial average” velocities, the tangential
component being based on conditions just upstream of the
orifice, and the vertical component on the assumption of a
full-flowing oritice. Graphs and equationa are premnted
that permit the calculation of drop-size distribution for the
particular nozzles and operating conditions investigated.
A method is suggested that might permit use of the cormlw
tion for whirl-chamber centrifugal nozzles. However, no
confirmation of this method is given. No data wero ob-
tained to permit estimation of drop-size distribution for
liquids other than water. However, a limited set of data
was obtained giving the effect of viscosity on mean drop
size for one grooved-core nozzle operating at constant
prewure. When kinematic viscosity was increased from
1 to 7 centistokes, mean drop size increased from approxim-
ately 54 to 78 microns. The relation of Longwell (ref.
45) for the effect of pressuredrop, oriiice diameter, cone angle,
and viscosi~ on mean drop size did not fit the data obtained
in this investigation.

Shafer and Bovey (ref. 32) correlated the drop-size data
of. Rupe (ref. 19) in terms of the dimensionless group
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djApJu. The correlation indicatea that, for the range of
experimental conditions investigated by Rupe, surface
tension was the major liquid property ailecting drop size.

Turner and Moulton (ref. 28) obtained drop4ze distribu-
tion data for several commercial grooved-core and whirl-
chamber centrifugal pressure nozzles. Organic materials
that solidified well above room temperature were sprayed
into room air. The solidified droplets from the entire spray
were collected, and a reprcaentative sample was analyzed
by visual count under high magnification. Graphs and
equations that permit calculation of drop-ske distribution
for the particular nozzles and operating conditions investi-
gated are presented in reference 28. Data were obtained
over a limited range of surface tensions and viscosities.
The data indicated that mean drop size was proportional to
(1) surface tension to powers horn approximately 0.6 to 1.0,
(2) viscosity to the 0.25 power or less, (3) &eight-flow rate
to the —0.38 to —0.58 power, and (4) ori.tlcediameter b
approximately the 1.5 power. The effect of liquid density
on atomization was not determined. If the correlation is
expressed in terms of injection pressure differential as a
variable, the mean drop size will be approximately pro-
portional to the square root of the orifice diameter, a result
in agreement with reference 43.

The correlations of reference 28 predict surface-tension
effects that are appreciably greater than expected (e. g.,
ref. 44). However, in reference 51, tests on a swirl-type
prewmre atomizer indicated that the changes in surface
tension to be found among the various hydrocarbon-type
fuels would have a negligible effect on average drop size.
Viscosity was considered to be the dominant fuel property
in the determination of iinencss of atomization.

In reference 52 some drop-size measurements are reported
for hollow-cone and solid~one commercial nozzles spraying
into room air. Water was used for all tests. With one ex-
ception, the nozzle pressure drop -was50 pounds per square
inch. Spray samples were collected on greased glass slides
and were photographed and measured under magnification.
Reasonable agreement was found between the observed
drop-size distribution and valuea obtained by other investi-
gators (ref. 53) with the same type nozzlw. The results
indicated no significant di.ilerence in mean drop sizes pro-
duced by the hollow-cone and solid-cone nozzles. On the
basis of the combined data for both type nozzles, it w-as
concluded that the mass-median diameter w-as approxi-
mately proportional to the orifice diameter. This would
be in agreement with the conclusion of Longwell (ref. 45).
However, it ti noted that, if the data were restricted to
those obtained with the hollow-cone nozzles, the mass-median
diameter would be approximately proportional to the 0.6
power of the orilice diameter, a result similar to that reported
in references 28 and 46. -

The drop%ze correlations presented were based on data
obtained with the nozzle spraying into quiescent room air.
In turbojet combustors, however, the fuel is sprayed into
highly turbulent gas streams covering a range of pressures,
temperatures, and velocities. Investigations of the effect
of these factors on atomization are sufficient to give only an
indication of the trends involved.

The data of Lmvis et al. (ref. 37) and Garner and-Henny
(ref. 54) indicate that drop size increases vvith a decrease in
the pressure of the surrounding gas. The results of refer-
ence 37 also indicate that drop size increases with a decrease
in the temperature of the surrounding gas.

Eruae, Hess, and Ludyik (ref. 55) have investigated the
effect of air velocity and direction on the Sauter mean diam-
eter. The results are illustrated in figure 15. With contra-
stream injection, there was a, steady decrease in drop size
with increase in air velocity. With injection in the direction
of the airstream, the drop size increased with increase in
air velocity up to a point where the air and liquid velocities
were approximately equal. Further increase in air veloci~
then remdted in a decrease in the drop size which approached
that obtained with contrastream injection. Additional tests
with the nozzle spraying normal to the airstream indicated
drop sizes between those obtained with contrastream injec-
tion and injection in the direction of the airstream. These
rcsuhts are consistent with the theory that atomization is
caused by interaction of the liquid with the airstream and,
hence, is a function of the relative liquid-air velocity.

The major portion of the drop4ze distribution data for
centrifugal pressure-atomizing nozzles was obtained by some
version of the molten-wax method. h this method, a wax
or other material that melts well above room temperature
is sprayed into room air. By appropriate choice of material
and preheat temperature, the initial viscosity of the sprayed
liquid at the nozzle can be set at the desired value. The
droplets freeze in flight and axe collected. Drop-size dis-
tribution is determined by the filtration or sedimentation
method or by microscopic measurement of a representative
sample (ref. 56). There is some question as to the validi~
of data obtained by the molten-wax method. A limited
set of data by Longwell (ref. 45) suggests that this method
may give a higher mean drop size than would be obtained
by using the actual liquid the molten wax is intended to
simulate. In these tests, two oils were sprayed into still
air. One oil was preheated in order to reduce its viscosity .
to that of the lem viscous oil. The tests indicated that the
preheated oil gave a higher mean drop size. This was
attributed by Long-well to the increase in viscosity of the
preheated oil as it was cooled during atomization. A similar
eilect would be expected for the molten-wax method.
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f3uMM.ARY CoimkmmsONUTILITY OFFtJEL-ATOMJ.ZATIONDATA

For estimatesof drop size ta be expected with air atornizera
operating at subsonic velocities, equation (14) is recom-
mended. It is noted, however, that this relation is limited
to air at 77° F and atmospheric pressure in the atomizing
section. Rough corrections for changes in temperature,
density, and viscmity of the atomizing gas maybe made on
the basis of the data of reference 37.

For air atomizem operating at sonic velocities, the results
of references 39 and 40 indicate that average drop size may
be approximately correlated in terms of the ratio of liquid-
to-air weight-flow rate Wllwa,average drop size decreasing
with decrease in wl/w.. The data of references 39 and 40
indicate that average drop size is approximately proportional
to the square root of the air-oriike diametar for atomizers
of similar shape. The data of reference 39 suggest that fuel
viscosity has a greater effect than surface tension for sonic
air atomizers. Air atomizers appear to be a particularly
effective means for obtaining fine sprays with highly viscous
fuels (20 to 40 centistokes).

The major portion of the drop4ze data obtained with
swirl-type pressure atomizem indicate9 that average drop
size is roughly proportiomd to the square root of the orifice
diameter and to the pressure drop to the –0.4 power. At
constant atomizer size, the average drop size increases with
decrease in spray-cone angle from the optimum value (80°
to 1000). This increase in drop size becomes more pro-
nounced at the lower nozzle pressure drops. The accuracy
and limitations of the available correlations for drop size do
not appear to warrant their use for more than rough esti-
mates of atomization for atomizers and liquids other than
the ones investigated.

The available data on centrifugal atomizera indicate that
average drop size is approximately proportional to the fourth
root of the fuel viscosity. Insufllcient data are available
to indicate quantitative etTectsof surface tension on atom-
ization. In reference 28, the average drop size was found
to be proportional to fuel surface tension to the 0.6 to 0.7
power. In reference 32, a dimensionless pamuneter corre-
sponding to the Weber number was found to correlate drop
size, thus indicating the surface tension to be the major
fuel-property effect. However, in reference 50, the surface-
tension effects appear to be &or. Since the surface-
tension range for most hydrocarbon fuels is quite narrow,
the effect of surface tension on average drop size can prob-
ably be neglected without serious error.

Drop size for centrifugal atomizers -would be expected to
increase with (1) a decrease in the pressure or temperature
of the surrounding gas (ref. 37) and (2) a decrease in the
relative velocity between the injected liquid and the sur-
rounding gas stream (ref. 55).

EVAPORATIONOF FUEL

The evaporation of the atomized fuel is the second major
step of the fuel-preparation prmess in jet engines. Both
combustor performanm and required combustor length are

influenced by the rate of vapor formation. A knowledge of
how the spray-evaporation process is a%ected by the dr-
flow conditions, fuel-injection conditions, and fuel type is
therefore important. In this section, the steady-state evap-
oration of single drops and sprays into static and dynamic
surroundings and into both low- and high-temperature sur-
roundings is considered. The unsteady-state process exist-
ing during the initial period of drop evaporation is also
discuw!d.

In addition to rate consideration, the vapor-liquid-phase
equilibrium conditions must be included in an analysis of
spray evaporation. Although the fuel injectid into jet
engines seldom attains phase equilibrium, the maximum
amount of. spray evaporation is represented by such con-
ditions. For low-temperature operating conditions and
for fuels of low volatility, the phwe. equilibrium conditions
are important factors to be considered in an evaluation of
the fuel spray-evaporation process in jet engines.

EQUIZIBIUllhfFLASHVAPORIZATION

Under some operating conditions and for the lowor-
volatili~ fuels, the fraction of fuel evaporated in an air-
stream may be limited to a low value regardless of the time
allowed for evaporation (ref. 57). Such conditions are
reached when the vapor concentration of the fuel-air mixture
reaches its saturation value. For multicomponent fuels, the
calculation of this limiting value of percentage evaporated
is baaed on the equilibrium flash-vaporization curve,

For fuels having known constituents, the equilibrium
flash-vaporization curve at a given pressure and temper-
ature may be calculated by simultaneous solution of materkl
balance equations and equilibrium relations for the individual
constituents. Such a calculation procedure might be applied
to petroleum fractions by assuming the fuel to be composed
of a iinite number of individual constituents. However,
such methods are generally impractical for petroleum frac-
tions, and recourse has been made to empiric.aIcorrelations
that permit estimation of the equilibrium flash-vaporization
curve horn distillation curves. Graphs are presented in
references 68 and 59 that relate the atmospheric equilibrium
flash-vaporization cwve to the true boiling point and the
ASTM analytical distillation curves. Two methods are
available for correcting the atmospheric equilibrium flash-
vaporization curve ti, other pressures. For vapor pressures
below and slightly above atmospheric pressure, the flash-
vaporization curve is assumed to shift parallel to itself,
The shift is based on a particular point on the atmosphmic
flash-vaporization curves, which is trented as a pure com-
pound on a vapor-pressure chart. In reference 58 the base
point is taken as the 40-percm&vaporized point on the
atmospheric flaah-vaporization curve. For correction of
the atmospheric flash-vaporization curve to higher pressures,
the recommended procedure is based on the construction
of a phase diagram on a Cox vapor-pressure chart (refs.
58 and 60).

In order to relate initial and final conditions for
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evaporation with or without the presence of air, the
energy equation is applied, assuming an adiabatic mixing
procew. If kinetic energy is neglected, the energy equation
is given by

I?or petroleum fmctions, the enthalpiea required in the use
of the energy equations may be estimated from empirical
relations available in reference 58.

From Dalton’s law-, the fuel vapor pressure p~,,, ambient
pressure p, and fraction of fuel vaporized t. may be related by

M.
Pf,s

L8j—
Mr—=

Ma
p l+L~~f

(36)

From equations (35) and (36) and the equilibrium flash-
vaporization curves, the final temperature and percentage
of fuel vaporized may be related to the fuel-air ratio, the
total pressure, and the inlet temperatures of the fuel and air.

Within the specification limits of jet fuels, there may be
rather wide variations in the ASTM distillation curve.
These variations are reflected in the equilibrium flash-
vnporimtion curves and, consequently, may result in ap-
preciable changea in the conditions required to obtain
various degrees of flash vaporization ti the combustor or
heat exchanger. In order to illustrate the effect of fuel
variations on flash vaporization, the preceding calculation
procedures were applied to the ASTM distillation curves
for JT’-4 fuels presented in figure 6(c) of reference 61. This
figure is reproduced in @e 16. The atmospheric equi-
librium flash-vaporization curves corresponding to the three
ASTM distillation curves of figure 16 were calculated by
the method of reference 58. The fuel vapor pressures and
the temperature-enthalpy curves corresponding to the three
fuels were also calculated by the method of reference 58.
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FIGUEFI 16.—Variation of ASTM distihtion temperatures for
IWILF-5624A grade JP4 fuel (ref. 61).

In figure 17, the percent of fuel evaporated is plotted
against the inlet-air temperature for several values of ambient
pressure and a fuel-air ratio of 0.06. The curves were calcu-
lated from equation (35), assuming the inlet temperatures
of fuel and air to be equal. Inletair temperatures on the
order of 250° 1?are required to actieve complete vaporization
of the fuel. At lower air temperatures, the limitations im-
posed by equilibrium considerationswould have a pronounced
effect on the vaporization rate. The limitations could result
in appreciable diiferencea between actual evaporation rates
and those calculated on the basis of the cmn.monassumption
of zero fuel vapor pressure in the atmosphere surrounding
individual drops.

/
/ / ‘

/ / Y
/ / 7’

0.5,
15

4

/
/

/ L ‘

/ “
/ // /

(b)

o 50 100 ‘“ 150 200 250
Initial temperature, ‘F

(b) Average uurve of figure 16. (o) Maximum envelopo of figure 16.
FrQmm 17.—Equilibnum vaporization of grade JP4 fuels. Fuel-air ratio, 0.06.



,.. .— ——.. . .. .. —— ———.

.
212 RBPOIfT 130&NATIONAL ADV180RY COMhfTITEEFOR fiRONA~IW

8TEADY*TATBDROPEVAPORATIONINTOSTATICSURROUNDINGS

Drop evaporation theory,-steady-state evaporation from
drops into static surroundings provides a simple illustration
of the principles involved in evaporation over wide rangea of
conditions. The evaporation rates so determined may be
applied to conditions of low relative velocity between the
fuel drops and the airstream in combustas. The a.smlmed
physical model is shown in @me 18. Vapor at the satura-
tion pressure for the drop surfam temperature diiluseato the
surrounding atmosphere. The drop mirfaca temperature is
at a value below that of the surroundings, so that heat is
transferred to the drop at a rate which is just adequate to
supply the necessary heat for the evaporation.

Fuel droplet
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FmTJEB18.—Model for evaporation of droplet under statio oon~tions.

The evaporation rate of the droplet can be expressed in
terms of either mass- or heat-transfer equations. .In the
derivation of these equations, it is assumed that a quasi-
st,ationarystate exists such that the vapor concentration and
temperature gradients around the drop are, at every instant,
those corresponding to equilibrium values for the existing
drop size. This assumption is shown to be correct to a high
degree of approximation in reference 62. It is also assumed
that the temperature in the drop interior is constant at its
equilibrium value. For the condition of spherical symmetiy,
the differentialheat- and mass-transfer equations for ~ spher-
ical surface at a distanea r from the drop center are given by

dm_
[

1
m– H.+ CPO,(T–TJ1

K&+ ~

dm D.,~M,4& d
~= RT dw%)l

(37)

(38)

where

Gp,v speciiic heat of &fusing vapor
D, diffusivity of diflisiig vapor in air
H; g latent heat of vaporization at drop surfaco

temperature
M, molecukw weight of difhsing vapor

Pf,v vapor pressure of Musing vapor
r radial distance from drop center
In equation (37), the term CP,,(Z’– Ts) represents the en-
thalpy change of the fuel vapor between the drop surface
and the surface considered. This relation equates the had
transfemed by mass movement of the vapor to that trans-
ferred by thermal conductivity. Equation (XI) is the appli-
cation of the Stefan di.ifusion equation (ref. 63, p. 601) to
drop evaporation.

For evaporation in quiescent surroundings these equations
are integrated between the drop surface and infinity to obtain
the following equations:

~=%~~ (Z’’-T~ @ (39)
t

dm_%Dn,&&
~– RT ()

(P@-P#, .) fi (40)

where
~n ~+G,,S(~-T.J

@= [ s 1

& (T.–T.)

For these integrations, Cp,,, K~, and D,,dT were assumed to
be constant and to represent mean values between the drop
surface and the surroundings.

The parameter @ corrects for the effect of mass movement
of the fuel vapor on the heat transferred to the drop surface
(e. g., ref. 64). In figure 19, @ is plotted against (cP,,/H,)
(T.–Ts). “
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The parameter p/pB~ can be considered tmbe a correction
for the d.iflerencein the calculated values of diffusion ratca

‘ based on Hlon of one gas through a second stagnant gas
and equimohbl counterdiflusion. In figure 20, p/PB~ is
plotted against p,filp for several values of p,,_/p.

In most studies of drop evaporation, the experimental
conditions have been such that the correction factors @ and
P/pBdfof equatiow (39) and (40) could be assumed equal
to unity without appreciable error. However, the work of
Priem (ref. 65) indicatca that inclusion of @ gives close
agreement between predicted and experimental values for
evaporation in high-temperature airetrerme where @ is
well below unity. Although it has no sig-niiicant effect on
the calctiations, the use of the correction factor p/pBdfma
considered warranted subject to additional information on
drop evaporation.

Evaporation into low-temperature surroundings.-For
evaporation into low-temperature surroundings where the
sensible hut change of the vapor between the drop surface
and surroundings is small compared with the latent heat of
vaporization, @ approaches unity and equation (39) reduces
to the following relation:

(41)

This equation is similar in form to that of simple heat trans-
fer to a sphere in quiescent surroundings. Siiarly, for
evaporation where the vapor pressure at the drop surface
is small compared with the told pressure, p/pBhfapproaches
unity and equation (4o) reduces to

(42)

This relation is the Langmuir equation (ref. 66). Equations

(41) and (42) are of similar form, illustrating the analogy
between heat and mass transfer. Equation (42) has been
e.xparimentally vexiiied with drops of several relatively
low-volatility liquids evaporathig into lo-w-temperature
surroundings (refs. 67 to 71). The equation was found to be
valid at total pressures near atmospheric.

Replacing m in equation (41) by prr~,/6, rearranging, and
integrating give the following relation between the initial
drop diameter old,,o and the drop diameter dd,after an evapo-
ration time t:

di,=dj,, o–%t (43)

where
#=8%wz–Ts)

PJL
(44)

is lmown as the evaporation constant. Equation (43)
shows that there is a linear relation between the square of
the drop diameter and the evaporation time for drops
evaporating in quie9cent surroundings.

From equation (42), the drop evaporation rate per unit
drop surface area is inverdy proportional to the drop
diameter. In addition, this rate is inversely proportional
to pressure as determined by the pressure dependence of
the &fFusion coefficient. Therefore, for sufficiently small
drops or low total prmsures, the evaporation rate per unit
area as obtained from equation (42) becomes greater than
the theoretical maximum evaporation rate in a vacuum, as
determined by gas kinetics (ref. 72). The mtium evapo-
ration rate for a drop evaporating isothtiy in a vacuum
is given by the following equation:

(45)

The accommodation ceeihcient a represents the fraction
of vapor molecules that condense as they strike the liquid
surface.

The evaporation of vary small drops was treated theo-
retically by Fuchs (ref. 73). In this analysis, diffusion
was considered to start at a distance approximately 1 mean
free path from the drop surface. For p,,. equal to zero, the
drop evaporation rate according to this model is described
in the following equation:

(46)

where z is the distance between the drop surface and the
surface where diiluaion is asmmed to start.

For drop diametws large compared with z, this equation
reduces to the Langmuir equation for p,,. equal to zero.
For very small drops, the second term in the denominator
approaches zero, and the evaporation rate approaches
that of a drop evaporating in a vacuum as given by equation
(45). Similarly, for the larger drops, this theoretical maxi-
mum evaporation rate is approached at sufficiently low
premurea where z again is large compared with the drop
&meter.
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This theory has been verified experimentally at low
presmres (refs. 74 to 7f3). Evaporation rates of dibutyl
phthalate, butyl stearate, and straight-chain parffi hydro-
carbon drops approximately 500 microns in diameter were
determined over a range of temperature from 60° to 105°
1? and at pressures down to 0.1 millimeter of mercury ab-
solute. However, for most applications, the use of equation
(46) is not nec6ssary. At atmospheric pressure, the tiect
predicted by Fuchs would be negligible for drops larger
than 1 micron.

Other factors that dect predicted values of drop evapora-
tion rate are the drop surface tension and free convection.
The correction for the effect of surface tension on the satura-
tion vapor pressure of the drop is imigndicant for drops
larger than 1 micron (ref. 77). For evaporation in low-
temperature surroundings, the influence of free convection
on the experimental results is also minor, if the drop diam-
eters and containing vessel are small (ref. 70).

Evaporation into high-temperature surroundings.-If free-
convection effects can be neglected, equations (39), (4o),
and (43) should apply to the steady~tate evaporation of
single drops in quiescent high-temperature surroundings.
For this case the evaporation constant is given by

The sensible heat change of the Mlusing vapor may be
large compared with the latent heat of vaporization for
evaporation in high-temperature surroundings. Conse-
quently, the effect of @ on the calculated evaporation rata
may be appreciable. In figure 21 the reciprocal of @ is
presented for isooctwe and watck drops evaporating into
various temperature surroundings. The reciprocal of @ is
approximately equal to the ratio of the evaporation rate
predicted by the simple heabtransfer equation to that pre-
dicted by the heat-transfer equation accounting for the en-
thalpy change of the fuel vapor. A large difference between
the two calculated evaporation ratea is etident for the iso-
octane drops and higher air temperatures. The effect is
much less for the water drops, since water has a high latent
heat of vaporization.

Drop evaporation into high-temperature quiescent sur-
roundings has not been studied extensively. Some data are
presented in reference 78 for single drops of cetane, n-
heptane, benzene, and ethyl alcohol evaporating in high-
temperature air suspended horn a silica tllament. The drops
were placed in an electric furnace and photographed while
evaporating. The data indicated that equation (43) is valid
over most of the evaporation period. However, the experi-
mental values of the evaporation constant are over twice
those calculated from equation (47), even for @ taken equal
to unity. Part of this discrepancy might be attributed to
free-convection air currente in the furnace.

Most of the available experimental and analytical work
in this region has been done with single drops burning in
quiescent atmospheres. The burning drop has been con-
sidered theoretically as a special case of evaporation, where
the heat for vaporization is supplied horn a burning zone
surrounding the drop. The drop surface temperature is
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assumed to be at the fuel boiling point for the given ambient
pressure. Because of the large temperature differencca in-
volved, the error introduced by this assumption is minor.
The burning-zone temperature and the distance between the
burning zone and the drop surface may be calculated from a
simultaneous solution of the heat- and mass-transfer equa-
tions (e. g., refs. 79 and 80).

ii typical plot of the square of the drop diameter against
time after ignition for a drop burning in quiescent air is
shown in figure 22. During the first time interval after ig-
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FIGUItB22.—Time variation in diameterof dIODburninain auksoent
osygen-nitrogen atmosphere. Oxygen conoe~tration~ 34.6 peroent
by volume; evaporation constant, 1.5X W miorons squared per
eeeond (ref. SO).
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nition (A), there is but a small change in drop diameter with
time. In this int erval the major portion of heat passing the
drop surface is probably used to heat the drop interior
rather than to supply the latent heat of vaporization (e. g.,
mf. 65). In the second time interval (B), the data follow
fairly closely the linear relation given by equation (43).
Values of the evaporation constant obtained from the slope
of this straight-line portion of the curve are generally in
good agreement with predicted values for steady-state
burning.

E.sperimentnl values of the evaporation constant for typi-
cal hydrocarbon fuel drops burning in qniescmt air range
from appro.simately 8X10-e to 10X 10a square foot per
second. A detailed discussion of analytical treatments of
the burning of single drops, together with available experi-
mental data, is presented in chapter VII.

DROPEVAPORATIONUNDERFORCEDCONVECTION

Drop evaporation under forced-convection conditions dif-
fers from evaporation into quiescent stioundings in two
important, respects: The resumptions of fite film thick-
ness and spherical symmetry are not applicable to drop
evaporation into moving fluids.

As is shown in @u.re 23, the local heat-transfer rates
change over the drop surface. In this @nre, local heat-
transfor rate, expressed as a fraction of the transfer rate at
the forward stagnation point, is plotted against the angle
from the forward stagnation point. These data were obtained
by l?ri3essling (ref.-81) for the subb”ation of a naphthalene
bend. l’rom boundary -layer consider~tions, ,the local trans-
fer ratm would be expected to be maximum at the forward
stagnation point and decrease gradually to a minimum at
the separation point. The data of&me 23 apparently follow
this typo of change. Ranz and Nlarshall (ref. 82) determined
tho temperature profile around an evaporating water drop.

FIGURE23 —Change in local hem%transferrate over surface of sphere
in nirstream. ReynoMa number, 136 (ref. 81).

4OO1OH*1G

“~we me~u~enti alSOindicah a gradual decrease in the
local transfer rate from the maximum value at the forward
stagnation point.

Correlations of the drop evaporation rate under forced-
convection conditions neglect the changea in the local transfer
rate and use an average value for the entire sphere. The
total drop in either temperature or partial pressure of diHns-
ing vapor is awnmed to take place across a sta.gmmtfilm.
These correlations are based on heat-transfer as well as magg-
transfer relations. When the drop tempera@re is at its
equilibrium value, the heat- and mass.-transfer equations
are, respectively, a9 follows:

dm_m&(T8–T8) ~ ~u=
~– H. (48)

@_rDe,.M&@r,e,s–PI..,d & ~uz
dt – R1’ (PEar)

(49)

where

As in equations (39) and (40), the terms K=, D,,., and T of
equations (48) and (49) are mesn values over the sta.gmmt
iih.n. Methods for calculating Ds,. and KWare presented in
reference 65. -

Heat-transfer correlations.+everd theoretical treatments
of the heat transfer to spheres in fluid streams have been
reported. Johustone, Pigford, and Chapin (ref. 83) assumed
that the veloci~ of the fluid around the sphere is tangential
to the surface and equal to the approach velocity. For
Reynolds numbem greater than 200, the,resulting equation
is’

NuH= 0.7141?e~Pr~ (50)
where

Pr=c~’ .
Kg

and d is sphere diameter.
Drake, Sauer, and Schaaf (ref. 84) followed the assump-

tions described in reference 83 but used a different method
for obtaining the solution. For Reynolds numbers below
1000, the two solutions differ. Kudryashev (ref. 85) also
obtained an analytical solution based on the thermal bound-
ary layer. The values of Nusmlt number predicted by the
various theoretkal treatmmts are compared in figure 24
over a range of Reyoolds numbers from 30 to 2000.

An 6xtensive survey of published data on heat and mass
transfer to spheres is described by W* . (ref.” 86).
The suggested empirical correlation of the heai%mnsfer
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data is given by the following equation:

NuH=0.37Re0.eP#~ (51)

In the range of Reynolds numbers less than 1000, the data
showed considerable scatter. This range was recently in-
vestigated by Tang, Duncan, and Schw”eyer (ref. 87). In
this study, bent-transfw rates for steel spheres in aimtreams
were determined. The resulting correlation is as follows:

iVuiq=2.1-l-0.37RdD (52)

A similar investigation has been described by lbmers
(ref. 88).

Ranz and Marshall (ref. 82) determined the evaporation
rrdes of suspended water and benzene drops over a range of
Reynolds numbers horn O to 200 and at. air tempwatures
from 80° to 400° F. For evaporating water drops, the data
were correlated by the following relation: ~

NuE=2.0+0.6Re~Prfi (53)

Ingebo (ref. 89) determined evaporation rates of nine pure
liquids in airstreams having temperatures rang$qg from.
approximately 80° to 1000? F. A liquid drop was smmlated
by means of a wetted cork sphere having an average diameter
of 0.69 centimeter. Reynolds numbers ,ranged from 1600 to
6700. Nusselt number was correlated in terms of Reynolds
number, Schmidt number, and ratio of thermal conductivity
of the air and the diffusiig vapor. Jn a later report (ref. 90),
data were obtained in air at approximately room temperature
and for static pressures from approximately % to 2 attnos-
pheres. The data indicated no effect of ambient pressure on
evaporation rate as given by the Reynolds number. An

additional limited set of data was obtained for ovaporn~ion
into streams of helium, argon, and carbon dioxide. The fhml
correlation (ref. 90) is given by

[ ~ (wow “4)NUE=2.0+-2.58 (10)6 ReSc’

where

In this case the Schmidt number Sc’ is the molecular momen-
tum-transfer coefficient divided by the moloculnr mass-
transfer coefficient.

The dimensionless group gl/? in equation (54) is inversely
proportional to ambient pressure and accordingly cancels
the ambient-pressure term in the Reynolds number. The
thermal-conductivity terms and D~w are evaluated at tho
a-veragetemperature between the drop surface temperature
and the fluid bulk temperature. The terms 1 and Z are
evaluated at the drop surface temperature. It is noted that
equation (54) is to be used with equation (48) for @ equal to
unity. Apparently, the temperature variation of the
thermal<onductivity ratio Kg/K, compensates for the efi’ect
of @ on the calculated evaporation rate.

Another investigation of drop evaporation in high-
temperature airstreams is reported by Gohrbandt (ref. 91).
The evaporation rate of camphor spheres wns determined
over a range of Reynolds numbers from 100 to 2000 and air
temperatur~ from about 85° to 930° l?. The evaporation
rate was found to be proportional to the drop diameter and
the square root of the Reynolds number. The vnrioua
predicted and experimental data for heat transfer to spheres
in air are compared in figure 25. The Prandtl nurpber of
the Ranz and Marshall (ref. 82) and Williams (ref. 86) cor-
relations is ‘that of dry air. In the correlation of reference
89, Sc’ and the ratio KJK, were nssumed equal to unity.
The correlation factor gl~ was calculat~d for air.

100 , , I I , II11 1 , , 1I 1III I 1 I [ I 11I
I I I I I 1111 I I [ [ I II

-2
2
=
m.
.

2

’10 100 1ooo Iclooo
Reynolds number, Re

FIGURE25.—PredJoted and experimental Nusselt numbem for hont
. transfer for spheres in air.



BASIC CONSD)ER4TIONS IN TKE COMBUSTION OF HYDROCARBON FUELS WITH AIR 217

Mass-transfer correlations.-A theoretical approach b
mass transfer for spheres in moving fluids is described by
Johnstone and Kleinschmidt (ref. 92). In this analysis,
it is assumed that the sphere contacts a cylindrical tube
having an inner diameter equal to that of the sphere and a
thickness equal to the distance a diflusing molecule could
travel in the time the sphere moves 1 diameter. Increasing
the relative velocity between the sphere and surrounding gas
decreases the available -Ion time and, therefore, the
thickness of the imaginary tube. All molecules contained
within the.tube are considered to be absorbed. The Nuwelt
number for mass transfer obtained horn this approach is

(55)

where

sc=~ pgDg,g

Use of the diifusion equation in correlations of drop evap-
oration data is limited to evaporation in relatively low-
tcmperature surroundings, since this equation is very sensi-
tivo to experimental errors in the drop surface temperature
~t the higher surface vapor pressures. However, severil
mass-transfer correlations for the evaporation rate of droplets
in room-temperature air have been reported.

Williams (ref. 86) correlated the mass-transfer data of
Fr@ssling (ref. 81), Johnstone and Williwns (ref. 93),
Powell (ref. 94), and McInness (see ref. 86). The recom-
mended equations for the mass-transfer Nusselt number are
ns follows:

ifh~= 1.5Re0&SCIP 5<Re<400

Nulf=o.43Re%!wfi 4oo<Re<lo’

Maisel and Sherwood (ref. 95) reported data

}

(56)

on the evap-
omtion of water and of benzene from porous spheres. The
data for water are in good agreement with equation (56).

‘ Deviation of the data for benzene is attributed to incom-
plete wetting of the sphere.

Frtkssling (ref. 81) correlated data for evaporation of
water, aniline, rmphthalene,and nitrobenzene into airstreams
nt room temperature. The data were obtained over a range
of Reynolds numbem from approximately 2 to 75o. This
correlation may be written in the following form:

NuM=2+0.55ReW’WP (57)

The maas-transfer correlation suggested by Ranz and
Marshall (ref. 82) is as follows:

Nu~=2+0.60Re1WW~ (58)

This ‘correlation is of the same form as their heat-transfer
correlation, but with the Prandtl number replaced by the
Schmidt number. Reference 82 shows that the data of
Fr6essling (ref. 81) and of Maisel and Sherwood (ref. 95)
ngree closely with this correlation.

bother correlation of drop evaporation has been de-
scribed by Kinzer and Gum (ref. 96):

iVu.M=2+0.564 FemtRew8cw (59)

This equation was used to express evaporation-rate data
obtained for water drops falling freely at their terminal
velocities through air at room temperature. Drops with
diameters from 20 to 4200 microns were studied. Applica-
tion of the experimental data to equation (59) indicated thnt
the ventilation factor F.-, ranged from O to a value greater
than 2 in the range of R,eynolds numbers smaller than 100.
For Reynolds numbers greater than 100, F,,., was approxi-
mately equal to 1. & noted in reference 96, the water drop
evaporation data for the higher Reynolds number range
would be adequately correlated by equation (57) if the
con@nt were reduced from 0.55 to 0.505. This represent.s
a diilerence in the calculated Nueselt number of approxi-
mately 7 percent for Reynolds numbem from 100 to 750.

UNSTEADY~TATEllllOP EVAPORATION

The &al case of single-drop evaporation to be considered
is that of unsteady-st~te evaporation. Here, the initial
drop temperature is above or below its equilibrium value and
consequently changes with time. Both theoreti~ and
experimental work has been reported for this case.

Topps (ref. 97) studied evaporation rates of ‘kcnalldrops
falling through a high-temperature atmosphere. Initial
drop diameters ranged from approximately 300 to “55o
microns. The results for this range of drop diameters indi-
cated that the evaporation rate varied approximately m the
4.5 power of the initial drop diameter. This l~e reduction
in evaporation rate with decrease in initial drop diameter was
attributed -by Topps to the conduction of heat to the drop
titerior, which reduced the heat available for evaporation of
the smaller drops.

Kinzer and Gunn describe an investigation of the time rate
of change in the average temperature of fall@ water drops
in reference 96. A simplified theoretical expression waa
obtained for the time required for the drops to reach 63 per- ,
cent of the equilibrium temperature d.iflerence. Thermal
conductivity of the drop interior was assumed b be inhite.
Satisfactory agreement was found between the predicted ‘
and experimental values.

El Wakil, Uyehara, and Myers (ref. 98) describe an
analytical study of the Unsteady+tate evaporation of pure
liquid drops for conditions similar to those misting in jeb
engine combustore. In this analysis, the thermal conduc-
tivity of the drop interior is also a&rned to be infinite.
Motion pictures of the circulation of metallic powders within
the evaporating drops disclose-appreciable internal circula-
tion currents and indicate that the assumption of iuiinite
thermal conductivity is substantially correct (ref. 99).
Temperature-time, mass-time, and penetration-time histories
were calculated for drops evaporating in air. This type of
calculation involves the simultaneous solution of the heat-
transfer, mass-transfer, and drop-motion equations.
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A typical set of results is presented in figure 26. In this
figure, percent evaporated, relative velocity, and drop tem-
perature are plotted against time in milliseconds. The calcu-
lations are for an isooctane drop having an initial diameter of
50 microns, initial temperature. of 50° l?, and initial velocity

. relative to air of 100 feet per second. The air was assumed
to be at a pressure of % atmosphere and at a temperature of
1000° F. For this fuel, the amount of heat going to the drop
interior far exceeded that supplying latent heat of vaporiza-
tion during the major portion of the unsteady-state period.

A detailed analytical and experimental study has been con-
ducted (ref. 65) to determin e the validity of the ‘theory of
reference 98. Sile drops were suspended from a ii.ne
thermocouple, exposed to a Constanbvelocity airstream, and
photographed while evaporating. The drop diameter and
temperature-time histories were determined for normal-
parafhn fuels ranging from hexane to octadecane and for a
range of air temperatures, air velocities, and initial drop
diameters. All tests were made at room pressure. Close
agreement between experiment and theory was found in the
majority of tests. llxamplea of the agreement between pre-
dicted and experimental values are presented in figure 27.
Figure 27(a) illustrate the condition giving the poorest
agreement found, while figure 27(b) illustrates the best
agreement.

Priem (ref. 65) also compared the experimental results with
values obtained from two simplified calculations neglecting
the unsteady-state period. In method 1 the drop was
assumed to evaporate at its steady-state temperature. In
method 2 the drop temperature was assumed to remain
constant at the value existing prior to the start of vaporiza-
tion (zero thermal conductivity inside drop). For high-
volatility fuels and large drop sizes, valuea calculated from
methods 1 and 2 were in close agreement with experiment.
For low-volatility fuels and small drop sizes, there w= an
appreciable difference between the calculated and experi-

Time, t, millissc

FIG- 26.—Umteady-state evaporation of isooctane -P into air
at 1000°F and 0.5 atmosphere. Drop diameter,50 microns; initial
drop temperature 50° F; initial drop velooity, 100 feet per second
(ref. 98).
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FIGURE27.—Comparison of espenmental and mloulnted histories of
droplets (ref. 65).

mental values, particularly during the initial period of vapor-
ization. Of the two simplified methods, method 2 gave
better agreement with experiment.

Another approach to the problem of obtaining a simpliiled
calculation procedure for unsteady-state evaporation in-
volves the division of the total evaporation time into two
parts. In the first part, the heat transferred to the drop
Burface is assumed to heat the drop from its initial tem-
perature Ts,o to tha steady-state temperature T’ without
vaporization. In the second part the drop is m.sumed to
vaporize at its steady-state temperature.

Equating the heat transferred to the drop to the increaso
in sensible heat and assuming infinite thermal conductivity
tilde the drop,

where Cz,l and .T1 are the speciiic heat and temperature,
respectively, of the drop. Equation (60) may be integrated
to obtain the time At=required for the drop temperature to
increase from Ts,Oto T8. kmming constant PI, CP,I, Nuu,
Kc,and Tg, the heating time AtBis given by
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(61)

For a variable gas velocity, such as occurs when “a drop is
injected into a g~s stream, a mean value of the Nusselt
number in equation (61) would be required. The vaporiza-
tion time is obtained by adding the time At= from equation
(01) to the vaporization time obtained hm the steady-state
evaporation equations (48) and (49). For evaporation in a
quiescent atmosphere, the time Attfor complete evaporation
is given by

where the evaporation constant Al may be obtained from
equation (4s4)or (47).

values of ‘t= obtained from equation (61) for the condi-
tions of figures 27(a) and (b) are 0.021 and 1.61 seconds,
respectively. These values agree well with the time during
which there is but a small change in drop size.

The times for 20-, 50-, and 80-percent evaporation as
calculated by the various methods are compared in table II.
The evaporation conditions are those of figure 27. For
them cases, at least, the results using the simplified method,
in which the heating time is added to the steady-state
temperature vaporization time, are in reasonably good tqgree-
ment with experiment and the times obttied from the step-
by-step calculations of referencg 65.

ADDITIONALCONSWEEA’I1ONSINDllOPEVAPORAmON

Ranz ancl Marshall (ref. 82) have investigated the evapora-
tion rate of water drops containing dissolved and suspended
solids. For drops containing solids in solution, the initial
evaporation rates were those to be expected for saturated
solutions even though the average concentrations in the
drops were below the saturation value. For drops contain-

ing solids in suspension, the initial drop evaporation rates
were ‘those corresponding to pure water.

The contribution of radiant energy in the evaporation of
liquid drops is analytically investigated in reference 100.
The results of this study demonstrate that, under the condi-
tions normally encountered in jet-engine cdmbustom, the
transfer of radiant energy to the fuel drops is negl@ble
unless so~d particles are added to the fuel to increase its
em.issivity.

In calculations of evaporation rates for drops of. widc-
boiling-range jet-engine fuels (e. g., see fig. 16), the question
arises whether the composition of the drops changes dur-
ing the evaporation process. If the composition remains
unchanged, the drops might be tr~ted as a pure fuel. If the
composition chdngw, a more complex treatment might be
required. Lamb and coworkers (refs. 101 and 102j have
investigated the evaporation in air of multicomponent
sprays. The data indicate that the concentration of the
higher-boiling component in the remaining drops increases
as the spray evaporates. At higher air temperatures, this
trend towards increased concentration of the higher-boiling
component was more pronounced. From these experiments
one would expect a continuoti -change in the composition of
the remaining drops during the evaporation of a tide-
boiling-range fuel.

An investigation of the effect of turbulence on the evapora-
tion of water from spheres is reported & Maisel and Sher-
wood (ref. 103). The influences of both scale and intensity
of turbulence were studied. The results indicate that
increased turbulence intensi~ influences the buffer and
laminar layers whera most of the resistance to -Ion is
located and therefore increases the evaporation rate. The
scale of turbulence affects only the eddy difFusivity. in the
fuUy turbulent region, which represents a small fraction of
the total r&stance to diffusion. . Thus, increasing the scale
of turbulence does not appreciably influence the evaporation
rate.

TABLE 11.—COMPARISON OF EXPERIMENTAL AND CALCULATED VAPORIZATION TIMES FOR UNSTEADY43TATE
VAPORIZATION OF SINGLE FUEL DROPS SUDDENLY EXPOSED TO CONSTANT-VELOCITY AIRSTREAM

Ratio of experimental to calculated vaporization times

Simplified calculations

Drop Percent
Stspwke

Drop temperature
vaporized Drop temperature

unsteady-state cal-
constfmt at Heating period culations (ref.

constant at initial value. plus evaporation 65, figss~l and
steady-state Zero thermaf with drop tem-

value (ref. 65, conductivity of
figs. 41 and 42)

. perature con-
drop interior etant at steady-

stata value@f&:~ & 47 ,

Hexane (fig. 27(a) )------------------ 20 L63 L 45
50

L 18
L 30

L 20
L 25

80
L 13 L 15

L26 L 10 L 14 L 12

Hcxadccane (fig. 27(b))-------------- 20 z 53 237 0.77
L 65

CL98
L 16

1%
.82 .87

L 28 .83 .86 .79
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DEYERMINA~IONOFSTEADY4TATBDROPSURFACETEMPRRATURR

Drop evaporation rates aritreated in terms of either heafi
transfer or maw-transfer relations. The use of either type
of equation generally requires an aecumte knowledge of the
drop surface temperature. For steady-state evaporation,
this temperature is the weLbulb temperature. Psyehrd
metric data for some vapo~, in addition to water, are
available in reference 77.

Steady-state drop surface temperature data for drops
evaporating in high-temperature aimtreams are correlated
in reference 89. The equation may be written as follows:

T=,.= T.–O.8O T,P+75 (63]

where T=,. is the air temperature at which water has the
same ditTerencebetween the air temperature and the drop
surface temperature as the given liquid (“C), Ta is the
temperature of the air into “which the liquid is evaporating
(°C), and Tbpis the normal boiling point of the evaporating
liquid ~C). The term T=,u is computed from equation
(63), and the wet-bulb temperature for water corresponding
to T.,~ is determined from a psychroruetric chart; T=,=
minus this vre~bulb temperature is ~qual to T= minus the
drop surface temperature of the evaporating liquid. The
data for this correlation were obtained with nine pure liquids
for atmospheric ambient pressure and for air, temperatures
from 80° to 675° F.

The drop surface temperature may SISObe determined
from a simultaneo~ solution of the appropriate h~~ and
mass-transfer . equations. This approach has been em-
ployed, for emunple, in references 65 and 104 for drop
evaporation under forced-convection conditions. In these
treatments, hTusseltnumber correlations for heat and maw
transfer are used to express the in.iluenee of the forced
convection on the drop evaporation rate. Combfig
equations (48) and (49), the steady-state drop surface
temperature Ts is given by the fo~owing equation, which
may be solved by trial-and-error methods:

l?rom equations (53) and (58), the ratio iVuU/Nu~approachw’
unity at low Reynolds numbers and (Sc/Pr) ~ at high Rey-
nolds numbers. Accordingly, if radiation effects chn be
neglected, the drop steady-state temperature is independent
of .ws velocity and drop diameter at very low or very high
Reynolds numbers. Since (Sc/Pr)~ generally does not
ditler appreciably from-unity, the steady-state temperature
wouId be a weak function of gaa velocity and drop diameter
at intermediate Reynolds numbers. Priem (ref. 65) has
shown that the values of Ts obtained from equation (64) are
in close agreement with experiment.

S~~lARY OFDllOPEVAPORA~ONRRLAnONS

Either heatrtransfer or massAransfer equations may be
used to predict drop evaporation rates. For evaporation
in high-temperature surrounding@, how-ever, the heat- .
transfer equation is preferred when using experimentally

determined drop temperatures. For evaporation in very
high temperature surroundings, drop evaporation rates moy
be prediqted by using the hea&transfer equation and m-
resumingthe drop surface temperature to be nt the liquid
boiling point for the given ambient pressure.

Drop evaporation rates in quiescent surroundings may
be obtained by use of equations (39) and (40). Equation
(39) may be used in the simplified form of equation (41)’
for evaporation in moderate-tempemture surroundings,
&o, equation (4o) may be used in the simplhiecl form of
equation (42) when the vapor pressure at the drop surface
is small mmpared with ambient pressure.

For evaporation under forced-convection conditions and
low-temperature surroundings, equations (48) and (4fI) am
used in conjunction with the hTusselt number correlations.

EVAPORATION OF SPRAYS

THEORY

Extension of single-drop data to sprays is difiicult, since
both drop-size distribution of the spray and relative veloc-
ities between the air and drops must be known. In adcli-
tion, tlyme are such complicating.-factom as drop distortion,
unsteady-state evaporation, and interaction between drops,

Several theoretical analyses of sprky evaporation ham
been made by using singledrop evaporation relations in
conjunction with assumed drop-size distributions. Ono
such analysis is that described by Probert (ref. 21). In this
treatment, all drops are assumed to have zero relative
veloeity with respect to the air. The spray is assumed to
follow the Rosin-Rarnmler distribution equation (ref. 23).
The predicted evaporation as obtained from the I?robort
analysis is presented in figure 28. EIere the percent of
the spray evaporated is plotted against the pnrametor
fit/A’. Chrves are presented for several, values of the
distribution constant Q of the Rosin-Rammlm distribution
function.

I

FIGURE28.—Theoretical e~-aporationof liquid spray (ref. SO).
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Another theoretical treatment of spray vaporization is
presented by Tribus, Klein, and Rembowski in reference
106. Zero relative velocity between the air and droplets
is assumed. The spray evaporation rate in this analysis is
expressed in terms of the wet-bulb depression of the injected
liquid. It is shown that, given an initial drop-size spectrum,
successive spectra may be deduced by calculating the
variation in drop size of the largest drop and relating all
other drop sizes to this maximum.

EXPERIMENT

Because of the lack of experimental data on both drop-
size distribution and relative -velocity betweem drops and
air, it is generally impract.icfd to apply evaporation-rate
relations for single drops to spray evaporation. Some
attempts to measure directly the spray vaporization rate
in airstreams have been made. An investigation of this
type is described by Fledderman md Hanson (ref.. 106).
The influence of turbulence and air veloci~ on the spray
vaporization rate is studied. A theoretical analysis of
spray vaporization is also included in this study. Fr&ss-
ling’s equation for single-drop evaporation (ref. 81) is
combined with the drop-size distribution equation of
Nukiyama and Tanaeawa (ref. 22). The resulting expres-
sion, however, i9 very complex.

The experimental measurements were obtained by sam-
pling hexane sprays at various distances downstream of a
hollow-cone spray nozzle. The percentage of evaporated
spray was determined over a limited range of air velocities.
The results indicate a strong dependence of evaporation rate
on the relative velocity between the drops and the airstream.
Increased turbulence intensity was also found to increase the
spray vaporization rate. The test results, however, do not
provide conclusive information on the effect of scale of
turbulence on the evaporation rate.

The results of a few measurements of the evaporation rate
of koroseno sprays in essentially still air are reported by
Sacks (ref. 107). Ii this program, kerosene was injected
from a swirl-chamber fuel nozzle at pressures of 50 and 80
pounds per square inch. Over this range of conditions, 0.2
to 0,3 percent of the spray was found to evaporate per
second, compared with a value of approximately 50 percent
per second as calculated by using the Langmuir equation
(ref. 66) and the relation of Probert (ref. 21). This large
difference between predicted and expmhnental valu”w w-as
attributed primarily to the inability of the Langmuir equa-
tion to predict evaporation rates for single drops in a cloud
of drops.

The evaporation of fuel sprays in high-velocity airstremns
is also discussed in reference 108. In this investigation, the
fuel was injected contrastream from a simple oritice, and the
evaporation rates were determined by samyling the sprays.
The influences of air temperature, air velocity, ambient air
pressure, fuel temperature, and axial dktance from the fuel
orifice on the percentage of spray evaporation were investi-
gated. In most of these measurements, a hydrocarbon fuel
with a narrow boiling range of 317° to 346° F was used.

Ingebo (ref. 18) conducted an experimental and analytical
investigation of the evaporation of isooctane sprays in air-
streams at approximately room temperature and pressure

and velocities of 140 and 180 feet per second. The fuel was
injected centrastream horn a simple ofice. Evaporation
rates and relative drop-air velocities were determined from
high-speed photographs of the spray at various stations
downstream of the fuel injector. The evaporation rates
based on a mean drop diameter d~,fl (diameter of drop having
an area equal to the total spray area divided by the total
number of drops in the spray) correlated well with single-drop
evaporation rates (ref. 89). Nthough the data of reference
18 were obtained for a limited range of conditions and for
but one fuel, the results offer hope that a general relation for
the evaporation rate of sprays in high-velocity airstreams
may be obtained. Such a relation would require generalized
expressions for predicting both the drag coefficients of
evaporating drops and the spray drop-size distribution.

A study of the effect of the airflow and fuel-injection
parameters on the evaporation of gasoline-type fuel sprays is
reported in reference 109. This program was conducted by in-
jecting isooctane contrastream from a simple ofice into air
flowing through a duct 8 inches in diameter. Both the total-
fuel and liquid-fuel distributioti across the test duct fvere
determined by sampling measurements. The measurements
were made over ranges of air temperature, air velocity, air
pressure, fuel-injection pressure, fuel-ofice size, and axial
distance horn the fuel oriiice. These ranges and the resulting
collation of the measurements are illustrated in figure 29.
The measurements were correlated by the following expres-

* . .06 m~ .2 .4 .6 .8 I
(TJDm44~flw)0a%.-’2&042zw,w, (0R)(ftAe5(ii Hg OM(lb@ !m.) (in. )

FIaUEB29.—Correlationof percentagefuel spray evaporatedfor con-
traatreaminjeotion of isooctane from a simple orifice. Air velocity,
100to 350feet per seoond; air temperature,80° to 390° F (r@ 10S).
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The relative effects of the variables on the spray evapora-
tion rate are indicated by the exponents. The large iniluence
of air temperature is evident. In comparison, the eflects of
the other variables are minor. The evaporation rate was
essentially unr@ected by changes in the diameter of the fuel
orifice.

The driving force for evaporation is the temperature dif-
ference AT behveen the airstream temperature and the
correspond@ wet-bulb temperature of the drops. Examina-
tion of the data of reference 109 indicatw that the term
.~O/(l—LJof equation (65) is roughly proportional to AT to a
power somewhat less than unity. Over the range of air-
stmmmtemperatures investigated, there was roughly a ten-
fold increase in AT for.a 40-percent increase in T=. However,
the change in AT with T=decreasesrapidly at the higher air-
stream temperatures. Accordingly, the exponent of T. in
equation (65) would be expected to be appreciably lower for
airstreamtemperaturesmuch greater than those iuv~tigated
in reference 109.

Foster and Ingebo (ref. 110) have recently investigated the
evaporation of JI-5 fuel sprays in high-velocity airstremns.
The fuel was injected contrastmam fkom a multiple+ribe
nozzle. The percent fuel evaporated was determined at
vrtriousstations dovmstieam of the fuel injector by means of
the spillover sampling-tube technique. Figure 30 presents a
correlation of the data in terms of the parameter zOsATOa
[( U.+ UJ/(100+ U~]’, where Uf is the fuel velocity at the
nozzle ori.iicein feet per second. b approximate correlation
of the isooctan~spray evaporation data of reference 109 is
also presented in figure 30. The difl%rencein slopes of the
correlating linw for the two fuels may be associated with
effects of nozzle design and fuel properties such as surface
tension, viscosity, and latent heat of vaporization, which
vverenot considered in the correlation of @me 30.

SIGNIFICANCE OF ATOMIZATION AND EVAPORATION RE
SEARCH IN APPLICATION TO JET-ENGINE DESIGN

The two general types of fuel-atomizing systems considered
for gas-turbine or ramjet application are the air atomizex
and the centrifugal pressure-atomizing nozzle. Of the two
systems, the air atomizer is capable of producing much
smaller ayerage drop sizes. The air atomizer has also been
considered for the atomization of highly viscous fuels.

A correlation (eq- (14)) is available for a Venturi-type air
atomizer. However, no data are available for atomization
under the high-turbulence-level conditions found in mmjet
inetidlations. If used as a ro-ughfirst estimati of drop size for
a ramjet installation, equation (14) would probably give a
somewhat larger average drop size than the actual values.
Equation (14) was obtained for air at approximately room
pressure and temperature. Rough estimates of drop size for
other .% conditions may be obtained from the data of
reference 37, which indicate that average drop size increases
with a decrease in gas density, viscmity, and temperature.

The experiments on sonic-velocity air atomizers indicate
that the average drop size is a function-primmilpfthe mkio
of liquid-to-air mass-flow rates,w~wa, the average drop size
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FIGURE30.—Relation betweenpercentageof JP-6 fuel and isooctano
evaporated and distance downstream of injector, lleat-trnnsfor
drivingpotential, air velocity, and fuel-injection wlocity (ref. 110),

decreasing with decrease in Wljwa. Sauter mean &ametors
below 100 mimons were obtained, even for an initial liquid
viscosity of 40 centistokes (see ref. 40 and fig, 12(b)). Tho
data of references 39 and 40 indicate that the average drop
size is approximatdy proportional to the square root of tlm
oriiice diameter for atomizers of similar geometry.

The major portion of drop-size data for centrifugal
pressure-atomizing nozzIes has been obtained for iixeil-
configuration nozzles by use of some version of the moltm-
wax method. Correlations have been obtained (eqs. (29) to
(34)) that permit rough estimates of atomization for fhYecl-
configuration whirl-chamber nozides spraying into qukecent
room air. However, these correlations were for moltcm wax
simulating kerosene and having a kinematic viscosity of
approximately 2.o centistokes. Data of references 29, 44,
and 45 indicate that average drop size generally incream~
rather slowly tith increase in viscosity. Average ckop size
is approximately proportional to viscosity to the 0.26 powor
or less. In reference 28 mean drop size was proportional to
mrface tension to powers from approximately 0.6 to unity,
In reference 32, a correlation of drop-size data indicated tlmt
mrface tension had a significant effect on atomization. How-
ever, data of reference 51 for liquids covering a wide range of
mrface tension indicate that the effect of surface tension on
mveragedrop size is minor. Since the range of surface ten-
tion covered by hydrocarbon fuels is quite narrow, it would
~ppear that the effects of surface tension on the atomization
]f such fuels can be neglected.

Data of reference 46 show that there is an optimum cono
mgle that gives the smallest average drop size for a given
lozzle size, operating pressure, and fuel. This optimum cone
mgle is generally between 80° and 90°. At low nozzle opemh
w pr~ures, the cone angle exerts a predominant influence
on average drop size. In
increase m ammge drop
from its optimum value.

this operating range, there is a large
size as -the cone angle is decreased
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The drop-size correlations were obtained from data for the
nozzles spraying into quiescent room air. ” Accordingly, esti-
mates of average drop size obtained born these im%stigations
would probably be higher than the actual values for a turbo-
jet installation where fuel is sprayed into high-temperature
turbulent gases. The results of references 37 and 44 indi-
cate that drop size should decrease with an increase in the
temperature or pressure of the surrounding “gas. Data in
reference 65 indicate that a decrease in the relative velocity
bdween the spray and the surrounding gas stream should
result in an increase in drop size.

The effect of various ambient conditions on the steady-
state evaporation of pure liquid drops may be readily
predicted. work on the evaporation of multicomponent
liquid drops indicates that the concmtration of the higher-
boiling component in the drops increases as the spray
evaporates. The unsteady-state period of drop evaporation
has also been investigated. The data of reference 65
indicrd e that, at high air temperature and with low-
volatility fuels, the unsteady-state period represents a signif-
icant part of the evaporation time.

hither heat- or mass-transfer equations may be used for
the prediction of single-drop evaporation rates under s@ady-
state conditions. For evaporation in high-temperature sur-
roundings, however, the heat-transfer equation is preferred
in view of the sensitivity of the vapor-pressure term in the
diffusion equation at the higher surface vapor pressures.
For evaporation into very high temperature surroundings,
the drop surface temperature may be assumed equal to the
liquid boiling point for the given total pressure. ‘

Single-drop evaporation rates in static surroundings may
bo obtained by use of equations (39) and (4o). Equa-
tion (39) may be used in the simp~ed form of equation (41)
for evaporation in low-temperature surroundings. Also,
equdion (4o) maybe used in the simplified form of equation
(42) for low-volatility liquids.

For evaporation under forced-convection conditions at
atmospheric surroundings, equations (48) and (49), in con-
junction with the Nusselt number correlations of equations
(53) and (58), give accurate prediction of drop evaporation
rates. The Nusselt number correlation of equation (54) was
obtained over a range of ambient pressures.

The evaporation of fuel sprays has been investigated both
theoretically and experimentally. The theoretical analys+
are generally not applicable, since they assume zero relative
velocity between drops and air. Experimental results for
spray evaporation in airstreams are quite limited. The most
complete studies are for contrastream injection of isooctane
or a J1-5 fuel froIu Xiple ofices into high-velocity air-
strerms, For these cases, the weight percent of the spray
evaporated may be obtained from figure 30.
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CHAPTER II

FLOW AND MIXING PROCESSES IN COMBUSTION CHAMBERS/.
By WILFREDE. SCULLand WILLIAMR. MICKELWN

INTRODUCTION

The principal purpose of the combustion chamber in a
jet engine is the efficient conversion of chemical energy kon-
tained in a fuel into the heat and tietic energy of the
exhaust gases The energy Convemion must occur efficiently
not only in terms of the completeness of the combustion
r=ction, but also in an aerodpmmic sense. Aerodynamic
efficiency implies an efficient introduction and. distribution
of air in a combustion chamber for the purposes of burning
a fuel-air mi.sture, and a dilution of the combustion products
to the desired temperature level and proper temperature
profile. h many instances, combustion efficiency may be
sacrificed for aerodynarnjc efficiency, and ~ce versa.

According to various authors, the combustion problem
may be quite largely aerodynamic in character. This was-
recognized in some of the earliest research on turbojet engines
for aircraft propulsion (ref. 1), in which it was found that
differences in combustor performance in engine tests and
single-combustor tests could be traced directly to differences
in the manner in which air flowed inta the combustion
chamber.

The importance of aerodynamics in the p’roblem of corn-
bnst,ion is further emphasized in the burning of a finely
dispemed spray of liquid fuel or a portion of combustible gas
well mixed with stoichiometric proportions of air. Such
mixtures will not ignite and form a stable flame front at
velocities greater than the velocity of laminar flame propa-
gation (approximately 1 to 2 ft/sec for most hydrocarbon
fuels), unless the aerodynamic flow pattern is such that
localized vortice3, zone9 of flow reversal, or a slowly moving
boundary layer exists in the combustion zone. To stabilize
the flame at the high velocities encountered in jet engines, it
is therefore necessary to create low-velocity regions in which
the flame can originate or else establish an aerodynamic flow
pattern such that localized vortices or zones of flow reversal
are created. Such vortices or zon= of reverse flow allow
the combustible mixture to attain local velocities necwsary
for high mass flow without exceeding translational velocities
that could cause instability of the flame front.

The object of this ckscussion is the consideration of aero-
dynamic relations applicable to the design of combustion
chambem of jet engines. Experimental and theoretical
data relating combustor approach-stream parameters, com-
bustor pressure losses, gas jets of many types, and oriike
coefficients are included. Aerodpamic mixing is discussed
in terms of fundamental turbulent di.fhsion theories relating
heat, maw, and momentum transfer horn difFerent sources
in various types of flow fields. The effect of periodic flow
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fluc~ations on difFusion is discussed. Fuel-air *g is
presented in terms of spreading of liquid and vapor fuel
from several difFerentsources

SYMBOLS

The following symbols are used in this chapter:
crowsectional area
ratio of one of two parallel-jet areas to total

mixed-jet area
distance between vortices in single row
dimensionless quantities
function of flow rates, velocities, arew, and

angles between two mixing jets
depth of rectangular duct
function of flow rates, areas, and total tem-

peratures of two mising jets
drag coefficient
dimerwionlcssfriction coefEcient (l?auning)
orifice dischaxge coe.flicient
temperature coefficient in jet
concentration
mixing-length parameter
speciiic heat at constant pressure
molecuk diffusion coefficient (mms)
turbulent diflusion coefficient
coefEcient of turbulent ditlusion of heat
coefficient of turbulent diilusion of mass
coefficient of turbulent diffusion of momen-

&“
diameter
functions of ~ -
spectrum density function of periodic flow

fluctuation of iiuite band width
@ectrum density function of turbulent kinetic

energy
function of y/yO

.

function of T/rO
fuel-air ratio
frequency of turbulent fluctuations
frequency of vortex shedding
weight-flow rate per unit area
acceleration due to gravity, 32.17 ft/sees
enthalpy per unit volume
combustion intensity
modiiied Bessel functions of fit and second

kind, zero order
penetration of jet
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strengti of point source
strength of individual vortex
constaIlt9
lhlerian scale of turbulence
Lagrangirm scale of turbulence
length
length of duct between station where Mach

number is taken and station where choking
would OCCUr

mixing length, or mean free path of fluid
‘particle in turbulent flow

Mach number
momentum of jet at any cross section
number
engine rotational speed
absolute pressure
absolute pressure with choked flow
pressure loss
total-presmre-low ratio
difluser total-pressure-recovery factor
compressor total-pressure ratio
total-pressure-loss coefficient
Prandtl number
ccmbustor total-pressure-loss factor
total quantity of heat transferred
incompressible dynamic pressure
universal gas constant
Reynolds number
Eulerian double veloci~ correlation coefficient
Lagrrmgian double velocity correlation ccti-

cient
radial distanc8
cylinder-, disk-, ring-, and sphere-ource radii
hydraulic radius
half-radius of axisymmetric jet at longitudinal

distance z
radial distance in disk source of radius r&
total fuel-spreading parameter
Schmidt number
lateral spacing betweeri vortex rows
absolute temperature
mean absolute temperature

fluctuating value of absolute temperature
time
characteristic time related to Lagrangian scale
time controlling rate of fuel injection
velocity
velocity component in r-direction
velocity component in x-direction
velocity component in y-direction
turbulent velocity in z-direction

turbulent velocity in y-direction
turbulent velocity in z-direction
time-average of%

turbulent intensity
time-average of ~

turbulent intensity
time-average of u.

turbulent intensity
volume
duct width
flameholder width
weight-flow rate
weightdow rate of

in z-direction

in y-direction

in z-direction

d.imlsiw quantity--
weigh~flow rate of ditl?nsing quanti@- as

function of time t’
distsmce normal to ~, or rectangular co-

ordinate
longitudinal distance
longitudinal distance from jet centerhe
mean displacement
distance from centerline of plane-parallel jet
coordinate
angle between gas streams
dimensiordes-squantity
ratio of specific heats
ratio of absolute pressure to NACA standard

sea-level pressure of 2116.2 lb/sq ft abs
Dirac delta function
T/x
approximate mean vorticity
ef6cien6y .
ratio of absolute temperature to NACA

standard sea-level temperature of 51S.7° R
fraction of fuel evaporated before reaching

point at -ivhich’jl is measured
thermal mniluctiti~
range of droplet
Lagmmgkm microscale of turbulence
absolute viscosity of fluid
kinematic viscosity of fluid
function of m, r, z, V,and p in laminar free jet
compressor total-pressure ratio, Pt~P~,2
weight per unit volume

momentum-flux velocity

YIYOor TIT.
fluid shearing Str@SS
angle between ofice centerline and flow dire~

tion of gas stream
~nction of P.L, and Pj
function of PL, and P,
stream function
function of U=,Dfi, r, and r’
function of B*, C*, ‘YS,and M*
standard square deviation
standard square deviation evaluated at time

t–l? .

.
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Subscri@s :
A
a
ad
B
c
Corr
~J
ql
D
dr
dt
E

;
.fr
H
i
j
La
1
M
maz
mol
mom
?xrg
n
o
ob
00
pc
per
r
Tej

Tel
s
T
t
tb
W
z
Y
z
o’
1

2
3
3a

3b

4
.CO

~own combustor-inlet conditions
air
adiabatic
new combustor-inlet conditions
compressor
correct ed
cycle
cylinder
filat
droplet
duct
second
external
fuel
fiction
heat
rectanguk coordinates
jet
Lagrangian characteristic
liquid
mas9
masimum, on axis of jet
molecular motion
momentum
mixing
normal
outer boundary of jet
oblique
over-all
potential core
periodic
radial direction
reference
relative to free stream
Stokes’ law
turbulent .

total
turbine
finite brmd width
pertaining to z-direction
pertaining to”y-direction
pertaining to z-direction,
time zero
in space surrounding jet
compressor inlet
combustor inlet
longitudinal position in combustor upstream of which

all friction losses occur and downstream of which
only combustion losses occur

longitudinal position between combustor irdet and com-
bustor outlet,

combustor outlet
free stream or ambient

AERODYNAMIC FLOIV

CO&fSl?STOllAPPEOACH-STllEAIKPARAMETERS

Turbojet combustion chambers.—The more important
combustor approach-stream parameters for a turbojet
engine are inlet-ak velocity, temperature, and pres-

sure. A less important parameter is the ccmbustor-inlet
velocity profile. Each of these parameters may vary over
a wide range, ,depending upon the operational vrmiablos
engine speed, flight Mach number, &d flight altitude.
The following table indicates the range of the ccmbustor
operating variables encountered during operation of a tur-
bojet engine with a sea-level static compression ratio of 11
at a fight Mach number of 0.8 at various engine speeds and
altitudes:

+ ~ “
Engine Iulet ‘Inlet

Altitude, ft speed temper- flow,
~’%?gwae~ ature, “F lblseo

Sea leveL_- Rated ------ 376.5 708 197.9
Idle -------- 216 647
windmill--- !$; 120 44.0

60,000---- Rated -------- 40.3 626 1s. 1
.Tdle---------- 113 47
win&nilU---- ;; 30 2.7

In addition, supersonic flight speeds tend to increase tho
range of operating variables still further. For example,
a supersonic turbojet engine which has a sea-level static
compression ratio of 7.o would have a combustor-inlet
total temperature of 964° F during rated-engine-speed
operation at a flight Mach number of 2.8 in tho stmtosphere.

&neraJiztxi paramekrs: Sandem (ref. 2) developed pw-
forman~ parameters for jet engine9 from concepts of flow
similarity, inertia, elastic and viscous forces, and thermal
expansioti of the working fluid. Dimensionless and cor-
rected dimensional generalizing parnmetela were employed
to relate engine performance to the geometry of the enghm
boundaries, the Mach number, the Reynolds number, and
the total-temperature ratio of the engine. For turbojet
engines, it was shown that

where

(1)

(2)

and
P,

*’=2116.2 (3)

with Tt in ‘R, P~ in pounds per square foot absolute, and
O,and ~~usually evaluated in terms of the total tompemturo
and pressure at the compressor inlet.

From equation (l), it is apparent that the corrected
weigh&flow rate of air wa~/6’, the corrected absolute total
pressure P#J, and the corrected absoluti total tempemtum
T,/O, at any position in the engine are,substantially constant
for a constant corrected engine speed x/~. These genm-
alizations are valid at altitudes to approximately 40,000
feet. At higher altitudes, the effect of Reynolds number
beeomes apparent in the perfonnnn~ of the compressor,
As a result, the corrected airflo~ zo=@6, and ‘compressor
adiabatic efficiency ~ti,o do not remain constnnt for ~ con-
stant corrected engine speed, bu~ begin to diminish slightly
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with
(ref.
may
ratio

increasing altitudes (decreasing Reynolds numbers)
3). In addition, the decreasing Reynolds numbers
result in small changes in compressor total-pressure
Pt3/Pt4 at extreme altitudes if the corrected engine

speed remains constant. The direction and magnitude of
the change in compressor total-pressure ratio and the mag-
nitude of the decrease in corrected airilow and compressor
efficiency me functions of the particular emgineunder con-
sideration (ref. 4).

New combustor-inlet conditions can be calculated aa
follows: Let subscripts A and B indicate the known and new
inlet conditions, respectively, while subscripts 2 and 3 denote
the compressor inlet and the combustor inlet, reapeotively.
Then

(n
J/B=J/” e&B

8,, ~
(4)

wGB=wG.(~Ji!i,

P
()

&Q
1,B,3=PLA,3~,,A~

(5)

(6)

where tll and ~’ are evaluated at the stations indicated by
tho subscripts. The value of the compressor-inlet absolute
total temperature Tt3 used in the determination of 01 in
equation (2) can be obtained from the expression

where M. is the flight Mach number and T. ie ambient
rLbsolute temperature. Determination of the compressor-
irdet absolute total pressure P,z used in determination of 6,
in equation (3) requires a lmowledge of the diiluser total-
pressure-recovery factor. Losses in total pressure in the
engine-inlet diffuser can occur as the result of friction,
inefficient diffusion, or possible shock formation. Typical
total-pressure-recovery factors that can be used for current
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engine d.illusers are presented in @e 31. The sharp
decrease in recovery factors at high Mach numbers is due
to shock formation at the diiher inlet. The value of pj~
can be calculated horn

(8)

where P. is the ambient absolute pressure and P~z/P~,m
is the diffuser total-pressure-recovery factor. As mentioned
previously, the combustor-inlet total temperature can be
determined from the constancy of T~e, with a constant
#/~. However, if the compressor total-pressure ratio
and adiabatic efficiency are lmown as a function of corrected
engine speed and altitude, a better determination is

r w—l 1

1T,,8=T,,2 l+(m7–1
T&f,c 1

(9)

The combustor-inlet absolute total pressure can be deter-
mined horn the relation

‘1-. .
(lo)P,,3=P,,9‘*:=P,,211

Compremor wake e~ea!x: The aerodynamic design of the
turbojet combustor is closely related to the airflow pattern
at the compressor exit. Ideally, the optimum combustor-
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FIGUBS33.—Ibmjet combustor-inlet conditions. (A large working copy of thie fig. may be obtained on request from NACA Hendqunrtem,
Washington, D. C.)

‘inlet airflow pattern might have a uniform-velocity profile
with an average velocity determined by the preceding equa-
tions. However, especially in engines with centrifugal
compressors, the velocity profile at the inlet may be nonuni-
form. TWOcombustor-i.hletvelocity profiles for an d-flow
turbojet engine are presented in @re 32. These particular
profiles show wider variations with engine operating speed
than are usually found in current engines.

Uneven veIocity profiIes can be significant in terms of
combustor total-presure losses and operating problems.
Lloyd (ref. 5) indicates that one of the major sources of
combustor total-pressure loss is the entry loss associated
with the diilusiig and evening of the high-velocity ah-stream
from the compressor. In addition to total-pressure losses,
uneven inlet velocity profk with accompanying uneven
secondary-air distribution and unequal liner cooling might
result in distortion and cracking of the combustor liner
(ref. 6). Maldistribution of the airflow at the combustor
inlet might also be responsible for asymmetric fuel sprays
and uncentralized burning.

Eamjet combustion chambers; generalized parambters.—
Combustor approach~tmam parametem (inlet-air veloci~,
temperature, and pressure) for a ramjet combustor are the
same as for a turbojet combustor. As with a turbojet com-
bustor, these parameters may vary over a wide range; how-
ever, the range depends only upon flight Mach number and

flight altitude for the ramjet. Detmuination of tho
approach-stream parameters is, in general, simpler for tho
ramjet combustor than for the turbojet. Since them is no
compresor in a ramjet engine, all the compression occurs in
the diffuser. Combustor-inIet absolute total tempemturo
and pressure @n be determined by the following equations:

(11)

(12)

As with the turbojet, the diiluser total-pressure-recovery
factor must be bow-n in order to determine the combustor-
inlet pressure. The data in figure 31 are applicable to both
types of engines.

Asp rnle, combustor inlet-air velocity is selected to satisfy
the thrust requirements of the engine and the performance
requirements of the combustor. Thus, for a known
combustor-irdet area, flight altitude, and flight Mach numbcm,
the combustor weight flow can be deteqnined from
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where

‘3=* (14)

Data that can be used for rapid determination of the inlet
conditions in n ramjet engine are prwented in figure 33.
This figure is based on the ditliser total-pressure recoverms
of figure 31. Figure 33 can be adapted -j di.ihmertotd-
pressure-recovery factors ditlering from those of figure 31
as follows:

(1) As indicated by the arrows, determine P,,3 and T,,a
in quadrant ~ for the required flight conditions.

(2) Correct P,,, by the ratio of the new diifuser recovery
factor to the recovery factor of figure 31.

(3) Locate the new Pt,2 in quadrant II on the same
isothermal line ns the Pt,s of step (1).
Further use of figure 33 is shown on the @e.

COFfRUSTOllPRESSUREL0S8~

In any type of combustion chamber, regions of low gas
velocity must be present if stable combustion is to be main-
tained. Liners and flameholders are used in turbojet and
rnmjet combustors, respectively, to provide stabilizing re-
gions of low velocity. Advantages gained by use of such

.12

.10

4
?3

.

/ ./

/

x’ RP8 t

~ @ Rated compr,esw
tolol-preswreratio /

.-9 ,
!2 6 / /
: / —

,
= /.

/ /
: .06 /
> /
g /

al //
kF,-. /
~ /

c ,04

/
,

f~
.02 /

(o)

o 2 4 6 e- 1

stabilizing mechanisms may be balanced by combustor
pressure 1.ow33, which result in losses in over-all cycle
&ciency.

Effect on over-all oycle performance.-The effect of com-
bustor pressure loss on cycle efficiency is expressed in refer-
encm 7 as

where AP~ is the combustor total-pressure 10S.S,Tt4 is the
Combustor-utlet total temperature, and qm is the over-all
cycle efficiency. The denominator of the right side of
equation (15) is always positive and proportional to the heat
added in the combustor. As shown by iigure 34, total-pressure
10WW in turbojet engines are important, especially
when operating at very low or very high over-all pressure
ratios. For compressor total-pressure ratios less than 9,
increases in compressor “total-pressure ratios resulted in
decreased effects of combustor total-pressure losses. With
higher pressure ratios, combustor pressure losses caused
greater thrust losses These increasea in thrust loss are
caused by the g-reatly increased power requbed to operate
the compressor at the high pressure ratios. Increasing pres-
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a) Scn-level stntic condition (ref. 5).
b) I?ii ht Maoh numberl 0.6; nozzle coefficient 0.96; lower heating value of fuel, 18,700 Btu per pound; combuatcmoutlet total temperature

1960° l!; oompremor efflmency, 0.85; turbine e$cienoyj 0.90; combustion effioienoy, 97 percent

FIGURE34.-Calculatecl thrust lore”of turbojet engfne aa funution of combuetor total-premure 10SS.
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sure losses’with accompanying decreases in cycle efficiency
result in increases in fuel consumption. Likewise, increases
U1unit, size become necessary, since higher rotntive speeds
and accompanying higher turbine stresses are required to
obt rtin the higher compression ratios needed to maiutaiq
mrminmm cycle efficiencies with increasing pressure losses
(ref. 8).

Causes.—Pressure losses in combustors occur as the result
of several factors: (1) abrupt changes in flow cross-sectional
areas, (2) blufl bodies or flame-stabilizing devices in the
combustion zone causing partial blockage of the open cross-
sectiomd area, (3) frictional forces exerted upon the gas
stream by flame-stabilizing devices and the walls of the
combustion chamber, (4) iucreasw in momentum imparted
to the gas stream as it flows through the combnstor, and (5)
the high degree of turbulence necessary to mix gases in a
restricted combustion volume.

Changminjow crow+wtional area due to tzzpanmbn:Pres-
sure losses in the combustor-inlet dither, which partially
slows the high-velocity ai@ream from the compr-or, may
be attributed to the combustor. For the case of sudden en-
largements, which is the condition approached by some very
short combustor-inlet M7nsers, the following diagram is
considered:

——— .—— ——— —.1[ 1

I I——— ——— ——— ——

I I
3 4

Skeich(a)

For incompressible flow, application of Newton’s second law
to the control volume shown by the dashed lines yields the
total-pressure loss APL due to sudden enlargements as

‘3:-3 (’-22)+%3AP,=- (16)

where p is the weight of fluid per unit volume. Equation
(16), whichreduces to

(17)

can be used for any shape of cross section, and is =act for
fluids in turbulent flow (ref. 9). It is also used for gases
flowing at entrance Mach numbers L& less than.O.3 (ref. 10).
At entrance Mach numbem greater than 0.3, reference 10
recommends that equation (17) be corrected for com-
pressibili~ to

(

“m’ ~:y:..
AP,=- 2g )0+ ’18)

1.0
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Fmmm 35.—Effeot of diffuser inoluded angle on d]ffumr total-preesuro
Iosses.

where Mz is the Mach number at the entrance to a sucldcm
expansion.

Obviously, a sudden enlargement is undesirable. How-
ever, length limitations. in ramjet or turbojet engines
generally necessitate short diilusers. As a result, diffuser
included angles are usually large. Figure 36 (refs. 11 and
12) presents the pressure loss of diffusem as a function of tlm
included angle. Figure 35 is applicable for difluser-entmnco
Mach numbers km than 0.3 (ref. 10). At higher Mach
numbem, the total-pressure loss should be increased by the
compressibility-correction factor of equation (1S), An
optimum included angle of 7° to 10° is indicnted for mini-
mum pressure loss. Reductions in total-pressure 10SEfor
large angles of diflusion may be accomplished by introducing
a spiral flow or rotation into the gas flow M it enters tho
diffuser (ref. 11). With spiral flow or rotation in the gas
flowing into the dither, reductions in total-pressure loss of
as much as 45 to 60 percent are reported in reference 11.
Similar results are expressed in referemw 13 in terms of the
increase in static-pressure rise through a short diffuser (area
ratio, 2) by use of rectangular vortm generators.

Various referent= show that difhser pressure losses may
be reduced by partial blockage of the di.iluser-outlet area.
For example, reference 14 indicates that thi use of a longi-
tudinal wedge or a central partition in two-dimensional
diffusers resulted in slight increases in pressure recovery and
increases in over-all allowable expansion angles. Other
references report similarresults obtained by use of screens at
the outlet of conical diffusers.

C’hmg& in @w cross-.sectionul area due b contraction:
Liners or flameholdem in the combustion volume serve not
only as flame stabilizers but also house the combustion zone,
proportion the airflow, and introduce turbulence necmwmy
for good mixing of hot and cold gases during the combustion
process. Insertion of a liner or flameholder in the combus-
tion volume results in pressure losses, which, though una-
voidable, can often be minimized. Blockage of the open
cross-sectional area of a combustor may be considered some-
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what similar to n sudden contraction in the flow area in a
pipe. For sudden contractions, the following diagram is
considered:

A3

uX,3
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I I
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Sketch (b)

Assuming incomprekibility, reference 15 indicates the total-
pressum loss in this case to be

p4u:4AP,=lil- 2g (19)

where kl depende on the ratio of areas at st@iona 3 and 4 and
is defined by

“=0412’-af0r*<00715

and

()
kl=0.75 1–* for $>0.715

(20a)

(20b)

Total-pressure losses due to sudden contractions may be
grmtly reduced by using a conical or well-rounded transition
section between areas 3 bnd 4. The vsllue of kl for conical
or well-rounded transition sections is reduced to approxi-
mately 0.05. This value of k, is applicable for all values of
&/As, provided the flow in the smaller area is turbulent.

Body shupeand bZockeclarea: Ramjet combustion chambers
and afterburmm utilize a flameholding mechaaism consisting
of guttma or”similar devices to provide a recirculator zone
of low velocity for flame stabilization. Usually, such devicw
in the combustion chamber provide more turbulence and
bottm mixing, with’ resukmt increases in combustion effi-
cimcy. However, such devices create an unavoidable
pressurploss with an accompanying adverse effect on over-all
cyclo efficiency. The effect of flameholder area blockage on
tlm total-pressure-loss coefficient APJq,.r (where q,8,is the
reference velocity pressure based on the combustor inlet-air
stagnation density and maximum cross-sectional area of the
combustor) is shown in figure 36 (ref. 16) for an inlet Mach
number of 0.162. Total-press-me losses increase with
incremes in blocked area. ,

Fluid jriction: I?rictional totid-pressure losses in com-
bustora me generally small enough to be neglected in com-
parison with other factors causing pressure losses. How-
ever, in ramjet engines and afterburner-s in which high-
velocity gases scrub relatively long walls of the combustion
chamber, frictional total-pressure losses may not be negl.i-

Fmmw 36.—Effect of area blookage on oombustor isothermal total-
pressure losses. Combustor-inlet Mach number, 0.162; annular
V-gutter flameholder (ref. 16).

Reynalds number, /?8

Fmwm 3%—Friction ooeffloients for sheet-metal surfaces as funotion
of Reynolds number (ref. 18).

gible. The total-pressure loss due to friction AP,J, of a fluid
flowing in a duct can be expressed by the Fanning friction
equation (ref. 17):

where P and U. tie average vidu~. In figure 37 (ref. 18),
values of On are presented for a range of Reynolds numbem
from 104to 107. The value of Cfi varies from 0.004 to 0.0035
for Reynolds numbers from 2.5 X 1(F to 5.0X lV. Reference
19 includes data horn which the effect of wall friction alone
upon a fluid flowing in a cylindrical duct can be estimated if
the N1ach number at the entrance and the friction coefhcient
of the chamber are know-n. Eigure 38 presents data showing
the total-pressure loss in terms of these variables. Use of
the, figure can be de.monstmxted best by an example. Con-
sider air flowing in a 6-inch-@uneter duct at an inlet Ikh
number of 0.25 at sea level. The duct is 30 inches long and
the total-pressure loss is required.

Average air veloci~ in duct= O.25X 1120=280 ft/sec
Air density= 0.0766 lb/cu ft,

Air viscosity= 3.723X 10-7 slugs/(ft) (see)

-X230X0.5
Reynolds number= ~ 723x10_7 =8.95 Xl@
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For this Reynolds number, C,,= O.0032,wlile

–~ &,=~=O.125 ftrk@-4

and
==0.0032X2.5=0 OM
%.& 0.125 .

For an inlet Mach number of 0.25,

‘@’=2.40 (fig..38)
.!
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~ImmE 3S.—Data for esthnation of fridiiond total—pressurelow?a in
cylindrical ducts (where P; iatotal p-mum with uhokedflow and
1*is length of duet between station where hlach number is tiken
and station where choking would ocour. ref. 19).

and

Momentum: The momentum pressure loss in combustion
chambers, which is inherent in nny system in which hcnt is
added to a moving gas stream, can be determined simply in
terms of temperature ratios and Mach numbers by the fol-
lowing analysis:.

I I I

I I
IU’,3-L
I

—Ux,.q

I

< I I

3 4

Sketch (0)

It is assumed that the g~es me evenly mixed with respect to
temperature and pressure at the entrance and exi~ of tho
combustor, that the gases are perfect and nonviscous, ond
that one-dimensional flow applies. Appliwtion of Nmv~on’s
second law and the continuity equation leads to

and
74—1 ~:

54= T4R, M4(I+73W)

(–)[

1+~

T,., T[ ]
(23)

~zR Ms(1 +Y4M) %-1 M~1+7

For critical or choked flow through m opening, the Mach
number at the openhg equals 1.0. For the condition of
choking at the cembustor exit, since M4 equals 1.0,

and

%=(%M-H43’25)

According to equation (23), the addition of heat or tho in-
crease of total temperature of any fluid in frictionhxs flow in
a duct will result in an increase in Ml if Ma is subsonic, and rL
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Combustor - inlet Mach number, J4f3

Fmuwa 3ft.-Total-prwure loss due ta heat addition in flowing fuel-
air ruktura in constant-area duet. Hydrogen-carbon ratio of fuel,
0.167; initkd misture temperate, 600° R; lower heating value of
fuel, 18,700 Btu per pound; efficiency of heat addition, 100 percent.

decrease in M, if Ma ia supersonic. Ordy the subsonic case
is considered here. Choking at the combustor exit does not
mean that more fuel cannot be burned, provided suihcient air
is present. It does mean, however, that if more fuel is
burned, the combustor-inlet con’fitions will adjust to com-
pmmte for the incrense in total-temperature ratio. The
preceding equations are exprexed in figure 39 in terms of the
effect of inlet and outlet conditions upon the total-pressure
loss in a constant-mea duct due to combustion of a mixture
of air and fuel having a hydrogen-carbon ratio of 0.167 from
an initial temperature of 500° R. Total-pressure lees due to
combustion decreases with decreases in combustor-inlet
Mach number for a given temperature ratio. -

Isotlmnal jlow behind blu~ hod%: The floti behind blu.tl
bodies such as flameholders in ramjet combustion chambe~
may have noticeable effects on the combustor ptyformance.
Introduction of a cylindrical rod or a V-gutter flameholder
into a moving gas stream results in the formation of vortices
in the region immediately downstream. These vortices can
bo explained as follows: At extremely low Reynolds numbers
(using the width of the blutl body as the length dimension),
the streamlines of the flow broaden out behind the obstacle.
As the Reynolds number is increased, the streamlines widen
mom and moro, formin”ga closed region behind the object,
within which there ia an inflow along the axis of the wake
and a flow in the general direction of motion in the outer
portions. These motions form a pair of vortices and exist at
low Reynolds numbers but become more prominent as the
Reynolds number increases. With further incre~es i-u
Reynolds number, the vortices become more elongated and
asymmetrical, break off, and move downstream. This
vortex shedding occurs at some critical Reynolds number
which depends upon flameholder shape, turbulence of the
gas stream, and any wall effects from the combustion cham-
ber. Reference 20 reports visual observation of the forma-

tion and shedding of vortices by the use of balsa dust in-
jected upstream of various flameholders.

The asymmetric arrangement of vortex pairs behind the
blufl object alters the pressure distribution around the
body, and vortices are discharged alternately from the two
sides. In this way. a defihite frequency of eddy motion,
which depends upon the Reynolds number, is begun. Down-
stream of the bluif object, the vortices arrange themselves
in a double row in which each vortex is midway between the
vorticw in an opposite row; this arrangement is lmown as
the Kdr.mfm vortex street. According to reference 21
(vol. H, pp. 556-562), regular vortex shedding occurs un-
til Reynolds numbers approach 4 to 5X 10s. Above these
values, flow is turbulent.

Flow behind bbq$ bodiex with heat addition: During com-
bustion stabilized behind a flameholder in a flowing homo-
geneous fuel-air mixture, unbqrned mixture difllses into
the eddy region behind the flarneholder and is burned, with
accompanying diffusion of the combustion products and
heat into the main stream to ignite the mixture flowing
past. With a liquid fiel spray, heat from the burning
mixture in the eddy region is transferred to the liquid fuel
accumulated on the flameholder directly by radiation and
convection, and indirectly by conduction through the
flameholder itself. The amount of heat transferred controls
the evaporation rate of the fueL It is believed that the fuel
vaporized by this heat mixes with air dHusing from the
main abeam and maintains the pilot flame in the eddy
kgion. One of the Merences noted in flow behind blufl
bodies with and without heat addition is that no eddies
are shed during combustion (ref. 22). One explanation of
this fact is that the static pressure downstream of the blti
body is lower with combustion occp.rring, As a result of
the reduced pressure, the eddy region becomes smaller and
seems to attach itself to the bluff body.

Eif.dyjornudion: SmaJl p~essure losses induced by eddies
downstream of flameholders may be estimated if data show-
ing the strength, frequency of shedding, and longitudinal
spacing between vortices in a row are kuown. Goldstein
(ref. 21, vol. D states that the average drag per unit length
42 of a cylindrical obstacle perpendicular to a flowing fluid
can be expressedby

where U.,l is the velocity of the vortex system relative to
the free stream. According to reference 23, the strength
of vorticxs of stable rows can be expreiwedas

KV=2@aUr.i (27a)

and

Sinh ;=1 (27b) ,

:=0.261 (27c)
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use of these data allows reduction’ of .e,quation (26) to

pu:~ ~ ~87 U,Q ~ 628 u,.,
[9=— .2g (–nu.– - u. (28)

This equation does not include wall effects of the combustor.
“ A similar equation that includes wall effects is derived in

reference 21 (VOL II). Referenw 20 presents data for the
shedding frequency and strength’ of Yortices horn 14 dif-
ferent fltieholders, including a cylinder and a flat plate.
From data such as these, neceswq values for equation (28)
crm be determined, since a can be determined from equation
(27rL), and

KV/.
urel a~v ~ 2-+ZZJ,.1 (29)
~= ‘—= –1 u. u.

or

(30)

(The negative sign must be used ip eq. (3o), since a vortex
of zero strength would not exist and U,.t would equal zero.)
The magnitude of the eddy drag is quite small, m shown
by the fact that a U-shaped flameholder % inch wide would
cause a drag of appro.sinmtely 0.12 pound per foot of length
of flameholder in an airstream flowing at 55 feet per second
at sea level.

The isothermal total-pressure-loss coefficient for a flame-
holder due to vortex formation can be expressed essentially&

AP,
a 1.687~-O.628 $

[ r n—=
grd “Wn “ (31)

This total-pressure lo& would be additive to the theoretical
pressure loss obtained in reference” 16.

Estimation and correlation.-Data for estimation of the
tot al-pressure losses in a combustor for known’ isothermal
pressure 10S are presented in reference. 24. This method is
based on the assumption that the ovewdl combustor total-
pressure losses can be expressed as

(32)

where the subscript 3a denotes a fictitious longitudinal sta-
tion in the combnstor, upstremn of which all friction losses
occur and downstream of which only combustion total-
prexmre losses occur; and AP,,f, includes not only skin-
friction losses, but also losses due to sudden expansions and
contractions and the presence of blutl bodies in the flow.
General friction laws indicate that this can be expressed as

(33)

where A is the cross-sectional area of an equivalent constant-
area combustor, and @’ and A are lmowmor are determined
from experimental tests of the combnstor. With @ and A
known, the over-all combustor -tutal-p-essure losses can be

detwmined at any operating condition by use of figuro 40.
Also, Y and A may be determined from figure 40 and oxpcwi-
mentrdly determined values of APt, JPt.3 and APt,I,/P,,~by
~awing lines parallel to the abscissa and ordinato of tho

wa~a %4, ~nc,chart through the appropriate values of -~
Pt,s T,,~

M, until the intersections of such lines in qundmn(e I
and IV determine values of, @’ and A. This analysis doos
not include the effect of the weight of the added fuel.

Figure 40 should not be used for ramjets or rdterburnom
that generally have combustion temperatures much higher
thaa the temperatures in turbojet primary combustors,
The y’s used in figure 40 are average values for the rango of
turbojet combustom. Friction total-pressure losses in ram-
jets and afterburners may be found as indicated in tho pre-
ceding sections on sudden ex@nsions and contractions and
the presence of bluff bodies in the flow. Nfomentum tohd-
prewnre losses are calculated by use of equations (22) to
(25). Values of the various factors in these equations cm
be determined from figure 41 for the appropriate y’s corre-
sponding to the temperatures and-fuel-air ratios involved,

A correlation has been developed (ref. 26) for vrwious
combustors and experimental configurations in which

(34)

where I is the combustion intensity (Btu/(hr) (CUf t) (fitm)).
The value of I is preferably assessed on the size of tho pri-
mary combustion zone only. This correlation wns for uso
in combustion-chamber design. Using a design APt/Pt,a,an
intensity could be found from which primary-zone sizo could
be determined. Values of the ratio l[d for cylindrical com-
bustors were taken as 1.25 ta 2.0. According to reforcnco
25, the degree of combustion intensity is detcrminccl by tho
air-mixing pattern, the degree of turbulence, and tho com-
bustion properties of the fuel-air mixture, all of which
contribute to pressure losses. US13of this correlation in-
volves an arbitrary assumption as to the size of the primmy
zone.

A better correlation, and one which is generally umd, is

‘-’=%W(5Y
(36)

~,,f is tho reference area of the combustor, equal to tlm
maximum open cross-sectional area of the combustor hou5
ing, and p is the gas density. This correlation (ref. 26)
indicates that the total-pressure losses iD a combustor am a
function of the previously mentioned factors, friction and
pressure losses associated with the introduction of a flamo-
stabilizing device in a gas stream (kz+ka) qr,f, and pressuro
losses due to heat absorption (or density changes) and mixing
of high-velocity gases
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0

.10

Fmmw 40.-Combnstion-ohamlw prewme-lees chart (ref. 24); ~=~+w. (A large working copy of this“fig.may be obtained
on request tim NACA H&dquar&, Wasbin@on, D. C.)
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Gas-density mtio, p3/p4
FXmRB 42.—Total-prasure losses as function of reference velocity

preasurea of typioal turbojet combustor.

Pressurelosses of a typical turbojet combustor are presented
in figure 42. As indicated by equation (35), total-pressure
losses increase linearly with increases in gas-density ratios.
I?riction pressure losses, the losses that would be found
essentially by an isothermal teat, are indicated at a density
ratio of 1.0. Momentum and mixing pressure losses at any
density ratio are the difference between the total-pressure
losses and the hiction pressure loss.

GASJETS

Nlkhg of gas streams or jets is an important problem in
the design and operation of combustion chambers. For
example, air needed to create the turbule~ce required for
rmpid mixing and burning in the primary zone of a turbojet
combustor usually enters in the form of air jets through small
openings in the combustor liner. Also, adequate penetration
of the dilution or secondary air must occur in order to attain
the degree of mixing and temperature uniformity required by
turbojet combustors, in which exhaust temperature profiles
suitable for entry of the exhaust gases into the turbine are
necessary. Such penetration is usually obtained by intro-
duction of the second~ air through various openings in the

. downstream portion of the combustor. Similar problems
also exist in the design and operation of ramjet combustors
and afterburners. Adequate mixing of gases of dif?erent
temperatures, which exist downstream of flameholders, may
result in higher propulsive efficiencies (ref. 16).

As shown in the following sketch, a jet consists essentially,
of rLuniform stream of fluid emanating from an oriiice:

r. ory.

( —— —
, Jet

x~

Mixing reqkm
1’

Jet orifk&’

Sk@&h(d)

Within a certain region (the potential core) outside the ori-
fice, the jet velocity and temperature are maintained.
Outside and downstream of the potential core, a mix@
region exists, in which the jet expands and interaction may

occur between the jet fluid and any surrounding atmosphere.
Jet parametem of interest are usually the velocity and the
temperature at any position within the jet, the width and
penetration of the jet, and any interaction of the jet with
adjacent jets. Gas jets and mixing problems can be classi-
fied into two general categories: free jets and jets issuing
into fluids that are not at rest. Each of these categories
can be further subdivided into laminar and turbulent flow.

Theoretical background.-fiee jets: Unless specifically
stated otherwise, all jets discussed as free jets have a single
fluid composition.

Laminar flow: The study of a jet in laminar flow’is usually
only of academic interest. However, the results of such
studies may be of valu’e in fundamental-combustion investi-
gations. An analysis of the spread of a Gee, laminar, two-
dimensional jet and a circular jet is given in reference 21
(vol. I, pp. 145-148). For a laminar jet issuing from a
small circu&r hole in a wall, the equation of motion can be
written as

(37)

The following assumptions are made:
(1) tYU=@’ is small compared with i3’Uz/h? and enn be

neglected.
(2) No pressure gradients or lateral fluid limitations exist

across the jet.
(3) ~OW is steady.
(4) The momentum at any section of the jet is assumed

constant, since no pressure gradients exist and motion is
steady.

tion such lhat ~= and U, satisfy the continuity equation.
A solution of equation (37) for values of U=and ~, is

and

“r=ir%Y(:)

where

m=a constant=~ “U~r &
J90

and’

Th.k-solution is applicable for large valuea of mg}PY’.

(38a)

(38b)
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Turbulenkflow velocity profles: In practice, the motion
in jets is usually turbulent in nature. One of the simplest
cases of turbulent mixihg is the plane-parallel mixing of a
jet, with gases at rest, with the mixing occurring along a
single boundary between the gases. Reference 27 reports
an early analysis of this type of mixing, with a free-turbulence
or momentum-transfer theory based on the semiempirical
general turbulence theory of Prandtl. The momentum-
trtmsfer theory indicated the ‘temperature and velocity
profiles to be similar in a free jet. Good experimental
verification of the theoretical velocity profles of reference
27 has been obtained by various investigators. However,
experimental measurements of temperature profiles down-
stream of free jets indicate discrepanciesbetween theory and
experiment and “no similarity of velocity and temperature
proiiles. Thus, the momentum-transfer theory is suitable
for solution of mechanical flow problems of velocity profiles
or fluid filction but k ineffective for solution of problems
“revolving temperature profiles or heat transfer.

Reference 2S presents a theory in which the tangential
turbulent stresses in flow are a function of the transverse
transfer of vorticity. That is, the stresses are a function
of the correlation between vorticity fluctuations and trans-
verse velocity components. Conservation of the vorticity
of a fluid elemeht until mixing occurs is -Umed. It is also
not ed that the Prandtl theory does not ackount for local
pressure gradients, which appreciably affect momentum
int erchtmge but not vorticity transport. The vorticity-
transfer theory of reference 28 gave velocity profles almost
m accurately as the momentum-transfer theory and, in
addition, gave better agreement of theoretical and experi-
mental temperature protlles. The vorticity-transfer theory
is extended to plane-parallel free jets in referen--29 and 30.

For two-dimensional compressible flow, Abramovich (ref.
‘ 29) indicates the equation of motion to be

where all values are instantaneous. By using an ap-
proximate mean vorticity ~, where

and a defined value ~~, which is a mixing length or mean
free path of a fluid particle in turbulent flow, and neglecting
friction due to viscous force, equation (39) reduces to

where the bars indicate mean values. l?or incompreskble
flow, equation (40) reduces to

(41)

Equation (41) is similar to the equation found in reference
27 by use of the momentum-transfer theory, differing only

in the deii.nition of l~~. Equation (41) was solved by
use of the same assumptions used in reference 27: constant
momentum in the z-direction at any section of tho j ck;
proportionality of ~=g to x in an z-direction; rmd constrmcy
of kg across any section in a y-direction. That is,

where U=,= is the vdocity on the jet axis, and yO is the
maximum jet spread on one side of the jet. Equation (41)
yields the same distribution for velocity as the momentum-
transfer theory of reference 27:

UZ=l.313
0

(42f!J

IIo=3.W~5X (42b)

This solution is e.spressed in figure 43 in terms of dimen-
sionless ratios of U./U=,- for any cross section.. (lood
agreement of experimental and theoretical profiles hns becm
found.
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FIGIJEE43.—Theoretiaalveloaity,distributionebased on momentum-
transfer theory in plane-parallel and axkymmetrio frco jets (ref.
30).
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TIIe theory of phme:parallel jet mixing was extended by
Howrwth (ref. 30) to axisymmetric free jets. For these
jots, the equations of motion for each of two theories are
a8 follows:
hlomentum-trnnsfer theory:

~ au=
‘-&-+”’ (

Sg==;;T lkzgg T~) (43)

hlodifiecl vorticity-transfer theory:

~ au= au= a’uz I au=—+Ur a~~–liz. ar——
= ax (—Wtar –) (44)

Them equations were solved by use of assumptions similar
to thoso used in equation (41). Although the two diilerent
theories yield approximately the same rew.dt, slightly
better agreement with experiment w-as obtained with the
momentum-transfer theory. The solution of equation (43)
involved uso of the stream function V, defined in assump-
tion (5) of equation (37). The value of U= at any radius r
was determined rIs

~ _465 & ~(a)
z— .

To
(45a)

To=3.41#ax (45b]

where r~ is the maximum spread of the jet at any cross
section. This solution is expressed in iigure 43 in terms of
dimensionless ratios for any cross section. According to
Howarth, these results are fairly accurate,. at least over the
central portion of the jet, at distancea downstream of the
nozzle greater than 8 jet-nozzle diametem.

TurbulentAlow temperature proiiles: Abramovich (ref. 29)
indicates the differential equation of heat balance for plane-
parfdlel free jets emanating into fluids of different temper-
atures to be

(46)

where all values are instantaneous. Equation (46) neglects
molecular beat conduction and conversion of the energy of
viscous forces into heat with respect to turbulent heat trans-
fer in the same manner M fiction due to viscosity was
disregarded in equation (40) relative to turbulent friction.
By use of instantaneous and fluctuating values of varihbles
nnd by assuming

TT o (steady flov)
-%7-=

and

!l!’=l.zg g

equation (46) becomes

which, for incompressible flow, reduces to

(48)

w-here the bars indicate mean values. Referemm 29 presents
a correlation of the solution of equation
dimensionless parameter

(48) in tefis of a

where
~ temperature at any point in jet mixing reggon
T1 temperature of fluid at rest in space surrounding jet
Tj temperature at any point in region of undisturbed flow

in jet, or in potential core

This temperature &efficient has been used by other authom.
Howarth (ref. 30), however, presents a solution of equation
(48) as

c
,Cf;==[mmc

where CltiP,_ and U=,-a (l/z)%. This solution is pre-
sented in figure 44.
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I?or axisymmetric free jets, the differential equation of
heat. tmnsfer becomes (ref. 30)

Similar boundary conditions apply for velocity and temper-
ature distributions based on the momentum-transfer theory.
Also, equation (49) differs from equation (43) only in a
change of variable. Therefore, the solution of equation (49)
based upon the momentum-transfer theory yields a temper-
ature profile similar to that of the velocity. The boundary
conditions used for temperature distribution with the
vorticity-transfer theory are unequal to those used for
velocity distribution. Howarth (ref. 30) presents a solution
of equation (49) as -

J

“@$ E
c -=e ,temp —r”

c
@f—

●
(50)

Mmp.Jua2

where

r
. F;

A comparison of experimental and theoretical temperature
distributions based upon the momentum-transfer and
vorticity-transfer theories is presented in figure 44. The
experimental temperature distribution more closely follows
that predicted by the vorticity-transfer theory over most
of the range.

Occasionally, a knowledge of lines of constant temper-
ature or velocity in free jets is required. Solutions of the
equations to determine constant velocity and temperature
distributions in free jets indicate that isothermal and
constant-velocity lines are straight lines emanating from the
center of the jet orifice. According to the existing data,
turbulenkllow velocity profiles in free jets can be determined
best by use of the momentum-transfer thebry, expressed in
equations (41) and (43) and figure 43. Turbulent-flow
temperature pro~es in -&eejets can be determined best by
use of the vorticity-transfer theory, expressed in equation
(49) and figure 44.

Coaxialjets: In contrast to a jet issuing into a fluid at rest,
many applications exist in which a jet emanates into a stream
flowing parallel to the jet axis. Reference 31 presents a
solution to an isothermal mixing problem of this type in
terms of the momentum-transfer theory. The equations of
motion for the region of fully developed flow and the region
containing a uniform velotity potential core were solved by
use of proper boundary conditions with the requirement that
continuous values of jet radii and velocities exist at the
intersection of the two regions. The following assumptions
were made in the solution:

(1) Incompressible flow
(2) Pressure gradients near jet small enough to be

neglected
(3) Constant velocity throughout potential core
(4) Constant momentum in z-direction at any jet section
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Fmm=m4S.-Axial distribution of veloaity on axis iD airoular coa..ial
jets (ref. 31).

(5) Wxing length & proportional to width of inking
region

(6) Lateral distribution of velocity in region containing
potentiaI core equal to

uz.u,+~ [1-ms.(~)] w

(7) Lateral velocity distribution in fully developed jet
equal to

u
U==u,+ “y

–u,
(

l+ COST;
)

(52)

where all velocities are in the zdirection, and

u. velocity at any position in jet
u, vidocity of coaxial stream .
u, velocity of jet .

. r. outer radius of fully developed jet
T. radid distance from jet axis to point where

U. is measured
Tpc radius of potential core

‘ U=.=u velocity on jet axis
(8) Mixing-length parameter c equal to (0.0067)~~(differs

slightly, approx.hnately 14 percent, from a value found
in another referance)

A diagram of the jet and the results of the analysis are pre-
gented in @ures 45 and 46. Realts of the analysis indi-
~ated that (1) length of the potential core decreases with
decreasing ratios of strerm-to-jet velocity to approximately
3.1 jet diameters for a free jet, and (2) similar to free jets,
:omtant-velocity lines are approximately straight, emanating
from the center of the jet orifice. Similar results have berm
found by other investigators.
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Distarce tiwnstrmm

Jet-ariflce diam ‘$

Fmmm 46.—Boundaries of jet and potential core in oiroular oofi
jets (ref. 31).

Nonnul jei%: No theoretical data expressing the ‘&tri-
bution of temperature or veloci~ in a fluid jet entering a
fluid stream flowing normal to the jet were found. How-
ever, a theoretical analysis for the penetration of a cold jet
into n hot fluid strcmn is presented in reference 32. Velocity
and temperature distributions for free jets and a negligible
pressure gradient at the mixing section were assumed. Re-
sults of the analysis indicated that penetration j of normil
jets could be expressed as

[(

Momentum of jet ~
.j=y Momentw of fluid stream)

(
Volume flow of fluid stream

)1Total volume flow of fluid stieam and jet
(53)

l?or penetration of circular normal jets into-fluid streams
in rectangular ducts of width ‘W~~and depth Zr~l,penetration
at a distance zj/6~~from the orifice centerline is ~gested as

where

dj jot-oriiice diameter
T1 temperature of fluid stream
Tj temperature of jet fluid

Obliquejets: Jets entering a moving stream may enter at
any angle from 0° to 180°. b such, the complex mixing
problem does not lend itself to a ready solution. However,
Ehrich (ref. 33) has rmalyzed the problem for oblique jets
by means of a simplified two-dimensional potential-flow
analysis. Essentially, Ehrich assumed that a jet entering a
moving stream at an angle is separated from the main stream
by a streamline and has a constant veloci~. Thus, no die-
continuities exist across the streamline. The jet wake dow-n-
stre~ of the jet was assumed to be an area of dead fluid’
separated from the jet by a constant-preaanre vortex sheet.

These assumptions oversimplify the problem of jet pene-
tration into moving streams. However, the analysis does
lead to a convenient method of calculating the relation be-
tween geometric and velocity parametcm. In addition,
qualitative agreement was obtained for the theoretical solu-
tion of flow from a two-dimensional orifice and experimental
data for the approximately comparable case of a circular jet.

ilAdfipZejets. Two expr~”ons for the penetration of mul-
tiple jets into fluid streams are presented in referenb 32. For
the penetration of iV jets entering a fluid streruh at right
anglea through iV circular orifices spaced laterally across a
rectangular duct of width W~l and depth b~l,penetration at
a distance zj/b~lfrom the orifice centerline is suggested as

Relative penetration (55)

No experimental data using this parameter were included in
reference 32. For the penetration of N jets entering a fluid
stream at right angles through IV circular orifices equally
spaced circumferentially around a duct of diameter d~~,the
axpreasion suggested for a distance ~j/ddt from the orifice
centerline i9

Relative penetration (56)

No experimental data using this parametar were included.
Experimental data.-Despite an abundanm of theoretical

analyses of jets issuing into gssea at re9t or in motion, many
disagreements exist between theoretical and experimental
results. Likewise, application of fundamental jet-penetration
data to jekengine combustom has given results in disagree-
ment with theory.’ Disagreements may be attributed
to various factors such as direction, size, shape, and orien-
tation of the jets relative to the main fluid, and the presence
of other jets resulting in possible jet interaction.

Free @%: TurbulenMlow veloci~ profiles: Much of the
extant experimental data relative to gas jets concerns free
jets mixing with air. In general, data are presented in terms
of velocity distributions in both the potential core in axially
symmetric jets and in the region of fully developed jet flow.
Equations written to fit the experimental data for isothermal
free jets miiing with air are presented in reference 34. Data
are expressed in terms of momentum-flux veloci~ ratios, in
which

r
pu:

Momentum-flux velooity= ~ (57)

where U= is the instantaneous velocity in the jet in the z-
direction at any radius ~ and longitudinal distance z, and p
is the instantaneous density of the fluid. The value of ~
is determined from impact tube measurements, and ~ is de-
termined from static temperature and pressure. For incom-
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pressible flow, the momentum-flux velocity is approximately
~. M.oroentum-flux veloci~ratios of an isothermal free
jet are presented in tlgure 47 for the potential -core, a tmmsi-
tion region at the end of the potential core, and the region
of fully developed flow. hfany of the data are presented, as
in many references, in terms of a half-radius, that is, the jet
radius at which the momentum-flux velocity equals half the
momentum-flux velocity on the jet ti at the same longi-
tudinal ~tance horn the jet orifice. The data indicate that

(1) The potential core within which the flux velocity ratios
are constant radially is approximately 3.5 jet-oriiim diam-
eters long.

(2) The radius of the potential core could be expressed as

3.5–5
&@=_

d, 7.0
(5s)

where rpc is the potential-core radius at any longitudinal dis-
tance z. Velocity ratios within the potential core (less than
3.5 diam downstream) closely approached a sh@e generalized
curve. Within the transition region, however, a diilerent
curve could be drawn horn those for distances farther down-
stream. Radial flux velocity ratios, covering a range of jet
velocities from 166 to 801 feet per second and distances from
10 to 30 jet diametem downstream of the jet orifice, were
correlated by the following expression:

(59)

Some data are reported in reference 35 from an invcstigu-
tion of momentum and maw transfer in coaxial jets, Iso-
thermal experiments were conducted with homogeneous
mixtures of air and helium flow@g from %-inch- and l-inch-
diameter nozzles into a coaxial stream of air in a 4inch-
diameter duct. Extrapolation of the results to the case of a
free jet-that is, zero cmmial stream velocity~ows that

(1) The potential core is 4.0 jet-orifice diametera long,
(2) The velocity in the fully developed flow region (clown-

stream of the potential core) can be represented by

u; 1

( )
—=5 l+COS =
uz,IMz 2r~ (60)

The potentisJ-core length is slightiy larger than the expwi-
mental value (3.5 diam) of reference 34 and the theoretical
value (3.1 diam) of reference 31. However, the lateral
velocity distribution agrees exactly with the theoreti-
cal distribution of Squire and Trouncer (eq. (62)) and fairly
well with the experimental curve of reference 34 (eq. (69)),
as shown in figure 47(c).

tial velocity distribution within the fully developed flow
region of the circular isothermal free jets of reference 34
could be closely approximated by

(61)

The curve of figure 48 and the experimental data agree
closely with the previously discussed theoretical analysis of
symmetrical jet in which it was assumed, because of

I t 1 I I

k%Ez- -!!!ll!!l’-2
e

s’ riholf m&s, w&re~= 0.5&

Yll%iiiiii’’”ilb’ ,>
> A–l\ I x /0/

~. A 4.0
=
e 1%

n 6.0
0 8.0 1

r/m

(b) Transition region.

o .4 ,8 12 1.6 2.0

r /r”2

(o) Fully developed flow region.

CL

a

l?IGman 47.—Radial distribution of momentum-flus ratioa in isothermal rmisymmetric free jets of air. hng-throat, 0.9-inoh-dhneter
nozzle; mean jet velocity, 390 feet per seoond (ref. 34).
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Distmce downstream x

Jet-orifice diarn ‘q

FIQUnE 48.—Axial velocity distribution in cmisymmetrio isothermal
frea jet in air., Long-throat, 0.9-iich-diameter nozzle; mean jet
velooity, 39o feet per second (ref. 34).

f

constancy of momentum at any jet section, that

This expression for axial velocity distribution ~ew closely
with an expression of Squire (ref. 36), who recommended
um of the r~lation

Extrapolation of

u z.aaz 6.5—_
u,

:

(63)

the data of reference 35 for coaxial jets
to rLfree jet giv’es the axial velocity distribution as

(64)

The large discrepancy between equation (64) and equations
(61) and (63) may be due in ptrrt to the experimental con-
figuration of reference 35.

A large amount of data r~ative to axisymmetric free jets
in air is summarized in referenee 36. Half-velocity ratil in
the fully developed flow region of a free jet in air are pre-
sented in figure 49. “ Experimental data from references 34
and 37 and theoretical data from references 31 and 38 are
also included. Reichmdt (ref. 38) expressed the hfi-radius
at any longitudinal position as

qs=O.0725 z ~ln 4 (65)

This expression and the experimental data of reference 34
agree closely with the data of figure 49, which indicate the
lines of hnlf-velocity radii to lie on a cone of half-angle of
5°, with the cone apccxat the center of the jet orifice, for
distances greater than 10 jet diameters from the oriiice.

A small amount of data included in referenee 36 for O.1-
vclocity radii is also presented in @ure 49. For the O.1-
velocity radii, straight lines emanate horn the center of the
jet oritlce at an angle of 9.2°.

1 1 1
Experimental Reference

, “ I I ,
Theoretiml r~cane of tmlf+lrqfe 9.2°
-.-——. 31

/

(0.1-vekcity-rrxti~
——

%
u.

/
circles, ~—“0.0

X,mm

<
/

/
//

/
/ / .’ /

CXstance dmmstream x
Jet- orifice diarn. ‘q

FIGUEB 49.—Velocity distributions in a~ymmetric free jets in air.

A small amount of experimental data pertaining, to the
velocity distribution ih two-dimensional jets is available.
For two-dimensional and &ymmetric free jets, theoretical
analyses.indicate that

(1) For two-dimensiord jets, Uz- a l/zJ+

(2) For @yrometric jets; ~%mu a l/z -

Using these relations, Squire (ref. 36) infers that expressions
applirxble to ,atiymmetric jets may be applied to two-
ti.ensional jets by replac~~ (z@,) with (z/v)~ wherever
(z/d,) appears. Howarth (ref. 30) presents some experim-
ental data frorQ a ~revious investigator on the velocity

profles in a two-dimensional free jet and compares them with
the theoretical distribution derived from the momentum-

transfer and mowed vorticity-transfer theories, both of

which give the same theoretical velocity profle. Excel-

lent agreement of experimental and theoretical data is indi-
cated. The large amount of data on free jets includes many
exprwions for velocity distributions. l?or free jets (Ex-
cluding the jets of ref. 35)~ recommended expressions for the
radius of the potential core and lateral and til velocity

distributions are equations (58), (59), and (61), respectively.
Half- and O.1-velocity radii can be determined from fi~e 49.

Turbulent-flow temperature protilea: J3xperimental dis-
tributions of temperature in metric free jets me we-
sented in figure SO. Results are expressed in terms of half-

temperature- and O.1-temperature-coefficient radii. In the

\
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Fmum 50.—Tem-&raturedistribution in axiaymmetriu free jets in
air (ref. 36) .

same rnnnner as the velocity ratios, the temperature-
coefficient ratios are defined as the ratio of the tempemture
coefficient Clan at any point to the temperature coefficient
o ,ap.m at a point on the ati in the same longitudinal
plane. The temperature coefficient C-p has been defined
in the theoretical section considering temperature profdes in
turbulent flow. For distances greater than 5 jet-orifice
diameters downstream, straight lines of halMemperature-
meficient ratios lie on a cone of half-angle of 6.7°, with the
apex of the cone at the center of the jet oriiice. For O.1-
temperature-coefficient ratios, the distance downstream
must be greater thw 10 jet-orifke diameters, and the half-
angle k 11.7°.

Longitudinal distribution of temperature in asisymmetric
free jets is shown in figure 51. The temperature of the jet
remains approximately constant for a distance of about 5
diametem, or the length of the potential core. For distances
from ,10 to 50 jet-ofics diameters from the oriiice,

4.8
ot81n,,U@=y (66)

z

FIWJEE51.—Asial temperature distribution in axkymmetrio free jets
in air.

16

12

8

4

0

Disiance from jet centerline, r/d/

<a) Distance from jet oriiice, z/~, 2.29.
(b) Distance from jet ori5ce, z/~, 8.60.

fiGwml 52.—k=lty of turbulence in percent of jet vdooity at
various tit Maoh and Reynolds numbers (ref. 39).
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This equation is recommended by Squire (ref. 36) as repre-
sentative of the temperature distribution on the jet axis.
A better expression for axial temperature distribution, for
distances horn 6 to 20 jet-orifice diameters horn the orifice, is

/-\ -0..946

c ( ) ‘“---“’-=3 ‘:’ (67)

No experimental data showing the temperature distribu-
tion in two-dimensional free jets were found. However,
Howarth (ref. 30) assumw that the agreement of experi-
mental and theoretical temperature distributions in two-
dimensional free jets is as good as with axisymmetric jets.

& will be indicated in the section AERODYNAMIC
MIXING, the diiheions of mass and heat occur at ~pproxi-
mately equal rates for the separate cases of mass and heat
transfer. Thus, it has been concluded that the “transport
of heat and mass will result in similar mixing patterns.

Turbulence intensity and scale: Hot-wire-anemometer
measurements of the intensity and scale of turbulence in free
jets have been reported in various references. One of the
inost recent of these (ref. 39) describes tests conducted with
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a 3.5-i.nch-diameter free air jet. The experiments included
the effects of jet Mach number, which was varied from 0.2
to 0.7, and jet Reynolds number (based on jet radius),
which was varied between 192X 1(F and 725x l@. The L
intensity of turbulence, which is expressed as the percent-
age ratio of the root-mean-square value of the fluctuating
velocity component in the z-direction to the jet velocity, is
shown in figure 52 as a function of the distance horn the jet
centerline and Mach and Reynolds numbem. The intensity
of turbulence is a maximum at a distance of approximately
0.5 jet diameter from the jet centerline and decreases with
increasing Mach and Reynolds numbers.

Lateral and longitudinal scales of turbulence are presented
in @e 53. Both scales of turbulence vary proportionally
with the distance horn the jet oriiice, and the lateral scale
is much smallar than the longitudinal scale. As shown by
the straight lines fitted to the experimautal data by the
method of least squares, the lateral scale of turbulence
could be expressed by

-$?~W.,=0.036~+().043 (68)
.12
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(a) Lateral-&ile. (u) Effect of jet-esit Maoh and Reynolds numbers on lateral male.
(b) Longitudinal soale. (d) Effeot of jet-exit Maoh and Reynolde numbers on longitudinal ecale.

Distanoe downetrcwq 2.29 jet-orifice diameters. ,

I?murm 53.-Soa1e of turbulence in free air jet. Jet-orifice dimheter, 3.5 inches; dietancs from jetirifice centerline, O.S jet-orifice di-
ameter; jet-exit Maoh number, 0.3; jet-exit Reynolde number, 300,000 (ref. 39).
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and the longitudinal scale of turbulence could be exprtw.sed
by

~za==0.064x+0.35 (69)

As shown in figure 53, the longitudinal and lateral scales of
turbulence wrenemly independent of Mach and/or Reynolds
numbers. In addition, little variation of the lateral scale
of turbulence was noted ycithdistance from the jet centerline,
while the longitudinal scale of turbulence was a maximum
at a distance fkom the jet centerline of about 0.35 to 0.40
jehofice diameter.

Coao%zljet-s: Velocity measurements: In general, only a
free jet spreads conically. Also, a boundary layer from the
tube or nacelle containing the jet may have an important
influence on the jet when the stream velocity is an appre-
ciable fraction of the jet veloci~. As a result, correlation
of qmrimental data has led to general empirical rules.
concerning the characteristics of coaxial jets.

Squire (ref. 36) states that

Increase in radii of half-velocity or O.1-
(

).~+) (70)
velocity circlesabove radius of jet oriiice

This expression should not be applied for longitudinal dis-
tancea greater than 30 jekmifice diametm downstream.
For the same longitudinal distances and for values of UJUj
kss than 0.6, the velocity on the axis can be approximated by

An approximation for the length of the potential core is

(ZRL)PotentiaI-core length M ~ — (72)

l?orstall and Shapiro (raf. 35) present the following empirical
equations for coaxial jets:

(%753%=4+12(%)

(u!?L%)=oo5rl+@’s;(i)l

Ui- w,
r.= (z) ~i

(73)

..
(74)

(75)

(76)

(77)

(78)

Discrepancies existbetween these equations and the empiricrd
correlations of reference 36. However, equation (76)
approximates a similar theoretical equation of refercnco 31.

c -fkmpnrturw—mummrmments: in =generid; temperature
measurements in coaxial jets are less extensive than velocity
measurements. However, Squire (ref. 36) suggests tlm fol-
lowing empirical relation based largely on the previous corre-
sponding velocity relation:

(

Increase in radii of half-temperature-

)( )
Uj–u,

or O.1-temperature-coefficient circles a —u,
(79)

above radius of jet oriiica

This approximation applies at longitudinal distances of less
than 30 jet-oritice diameters from the jet oriiice.

The temperature coefficient C,mP,.U at any point on the
jet axis can be approximated by

()
~ C,m;,m= 4.8~,
d, l–0.6vi

(80)

The use of the velocity basis for the preceding temperntnm
approximations reflects the inadequacy of experimental clda.
As indicated in the theoretical discussionof coaxial jets, them
is little agreement of velocity and temperature proilles. I?or
coaxial jets, recommended expressions for correlation of jet
size and velocity parameters are equations (73) to (78) (ref.
35). Recommended expressionsfor temperature parameters
are equations (79) and (80) (ref. 36).

iVomndjeik: The penetration of gaa jets into gases moving
normal to the jet is of special interest in the design of com-
bustion chambers of turbojet engines in which the opmings
for air admission are generally normal to the flow direction of
the hot gases. In general, the deii.nitionof jet penetration
and the ‘degree of mixing have been arbitrarily specified by
different investigators. As a rwult, ditTerentcorrelations of
experimental data have been developed.

Penetration: Experimental data indicating the relutive
penetration and mixing of jets of cold air (tempwature,
approxhpately 575° R) with a normal flowing strmm of hot
air (temperature, approximately 1350° R) are presented in
reference 32. Penetration was defied as the normal distanco
horn the plane of the cold-air oriiiqe to the point of minimum
temperature 1.5 duct widths downstrmm of the orifice cmtor-
line. It is concluded in reference 32 that

(1) For circular cold-air jets of difFerentdiameters and a
range of velocities and temperatures of the two streams,

~ or Penetration= ko+kl
~d, Duct depth

(81)

This relation holds until the relative penetration becomw
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npproximntely 0.6, at which time the edge of the cold-air
jet approaches the opposite wail of the duct.

(2) l?or the same open area, circular and square holes give
approsinmtely the same penetration, while longitudinal and
transverse rectangular holes give better and worse penetra-
tion, respectively (fig. 54).

(3) In general, mainstream turbulence reduces jet pene-
tration. Data expre@ng the effect of turbulence on jet
penetration are very meager in the literature. The qualita-
tive results quoted herein may depend to some extent on
how tho mainstream turbulence is generated.

(4) Pressur[losses are less for a given penetration by use
of a small number of large holes than by use of a large num-
ber of small holes.

Results from a similar inveatigatioti in a l%inch-square
duct in which hot-air jets (temperature, approximately
1040° R) entered normal flowing streams of cold air (tem-
perature, approximately 600° R) through ~erent shaped
openings me presented in reference 40. Penetration was
defined in the same manner as in reference 32, except that no
limitations were imposed on the distance downstream of the
orifice centerline. Relative penetration data were satisfac-
torily correlated in terms of either mass or momentum ratios
of the hot stream to the cold stream. Relative penetration
increased with increases in either mass or momentum ratios.
The effect of hole shape on relative penetration was general-
ized by dividing the relative penetration of jets from equal-
area holes of circular, square, and longitudinally rectangular
shape (ref. 32) by the longitudinal length of the hole (fig. 54).

Pendrntion data for heated circular jets of air (temper-
ature, approximately 860° R) entering normally a 2- by
20-inch duct filled with a stream of cold air (temperature,
ambient) flowing at velocities of 260 or 360 feet per second
are present ed in reference 41. Penetration waa defined as
the. distance to the point at which the temperature was 10
R greater than the free-stream total temperature. Data
e.spressing the penetration were correlated by the expres-
sion

(82)

where ‘Uj is the velocity of the jet at the vena contracta
and pj is the density of the jet fluid at the vena contracta.
Penetration was unaffected by variations of Reynolds number
from 0.6X 106to 6.OX 106,ticosity ratios of the two streams
from 1.5 to 1.9, and ratios of duct width to jet diameter from
3.2 to 8.0.

A similar relation was found (ref. 42) for the penetration
of liquid jets of water injected normally from and, simple,
orifice-type nozzles into a high-velocity stream of air
(velocity, approximately TOO ft/see). Pmetration, defied
as the maximum penetration of liquid at any longitudinal
position, was determined photographically. The data were
correlated by the following empirical eqnwasion:

Temperature distribution: No data indicative of the
temperature profdes of a cold jet entering a normal moving

stream of hot gases were found. However, the entry of hot
gases into a normal moving stream of cold air has been
investigated (ref. 43). Temperatures of the hot gases
ranged from 660° to 860° R; ofice diameters, from 0.250
to 0.625 inch; and free-stream velocities, from 160 to 390
feet per second. Orifice pressure ratios, which were much
higher than would be encountered in turbojet combus-
tors, ranged from 1.20 to 3:70. A method w-aspresented
for simple determination of the temperature profle down-
stream of the jet orifice. The ‘procedure involves deter-
mination of the penetration of the jet at two positions and
determination of the upper and lower. slopes of the profile.
The slopes of the proiile are functions of several dimensionless
exponential ratios in which the ~onents are functions of
the teat equipment and conditions. The_ maximum tem-
perature difference at any downstream position was found
to be a function of the difference between jet and main-
stream temperatures, and of the ratios of jet-dice diameter
to mainstremn width and longitudinal distance downstrewn.

l?iie 54 is recommended for determiningg the penetration
of single cold-air jets entering a flowing stream of hot gases.
Tlis figure is more applicable to the design or analysis of
turbojet combustors which have low orifice pressure ratios.
l?or penetration of gas jets from orifices having high pressure
ratios, equation (82) is recommended.

OtJiquejd: Penetration: Data eqres-sing the effect of
fluid jets mixing with fluids flowing, at angles other than 0°
‘or 90° are meager. The investigators of reference 40 varied
the entrance’ angle of hot circular jets to include angles of
22j4°, 45°, 90°, and 135° with the direction of flow of the
main stFeam. In general, maximum and minimum penetra-
tions were obtained with jets at 90° and 22%0to the direction
of flow of the main stream for all momentum ratios and
distances downstream of the jet-or&e centerline. For
anglea of 135° or 45°, the better angle for penetration
depended upon the position downstream and the momentum

I I 1 I , , , , 1 1 1 I i I 1

I I/A 1 1 1 I 1 I I
❑

Cold-stream vekily
I-LX- .sIreomvelccity

Fmmw 64.-l3Eeot of opening shape on penetration of oold-air
jets [temperature,575° R) into normalhot ainkream(tempera-
t~ 1350° R) (ref. 32). Hot stream velooity, approximate
280 feet per second.
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Hot-sIreom momentum

Cold-stream nmmentum

FICWEE55.—Effeot of angle between hokair jets (temperature,
1040° R) and cold ah-streams(temperatun%600° R) on penetra-
tion of 0.824&mh*eter jets (ref. 40).

ratio of the two streams. Representative data are pre-
sented in figure 55 (ref. 40) in terms of relative penetration
of the jets.

Temperature distribution: Data” expressing the temper-
ature distribution in oblique jets are meager. However,
Squire (ref. 36) presents general data for the distribution of
temperate in a hot jet entering a cold stream from a l-inch-.
diameter circular orifice in the wall of a 3-inchdiameter
body. The angle between streams was 15°. Representative
data for this configuration are presented in tie 56. With
increasing mainstream velocitiw, the spread of the jet is
reduced and the centerline of the temperature profles is
bent downstream. In addition, at a stream-to-jet velocity
ratio of approximately 0.4, the centerline of the jet becomes
parallel to the mainstream flow at approximately 8 inches
downstream of the center of the jet orifice.

lluilipl-e jetw lhltiple jets and their interaction or
combination are of special interest in the design of combus-
tion chambara in which air openings are generally closely
spaced. In addition, the interaction or coalescence of jets
may be important in the design of several jet engines
mounted together to form a single propnh-e unit. -

lhwe-jet velocity distribution: Qualitative data are pre-
sented by Squire (ref. 36) for two O.O-inch-diameter jets,
with centers 2 inches apart exhausting into still air. At a
distance of 17 jet-orifice diametem downstream of the plane
of the orifices, the velocity distribution indicated the separate
jeti origins. At 45 jet diametem downstream, the ‘jets had
coaked and a single jet-velocity distribution existed. As
a rough approximation to determine the velocity at any
point in a field of two adjacent free jets, Squire suggests that

where

U velocity at point with both jek
U. velocity at point in tit jet
UE velocity at point in second jet

h addition, Squire states that a row of jets coalescea and
behaves as a two-dimensional jet at sufficient d.istanceafrom

TemWmture coefficient,
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I?mmm 56.—Temperature distributions downstream of axlsymmetrio
oblique jet. Jet velooity, 615 feet per second; jet tamporaturo,
834° R (ref. 36).

the orifices. At distances greater than 10 times the distance
between the centers of the individwil oficcs, the flow will
approximate the flow for a two-dimensional jet of the samo
momentum per unit length.

Free-jet spreading and interaction: Baron and Alextmder
(ref. 44) determined the flow field in regions near n free jet
of iinii%diameter by superposition of a number of solutions
of the flow field for point sources. In reference 45 this
method was also applied to regions well downstream of two
parallel free jets. From the superposition of solutions,

m= pm+m (86)
where

~ momentum flux at point with both jets 1
~ momentum flux at point in first jet
pU2 momentum flux at point in second jet
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Equation (85) is very similar to the equation of Squire
(cq. (84)). Figure 57(a) (ref. 46) gives a comparison of
csperimentrd data in the plane of the jet centerlines with
vrduea of w predicted from equation (85). The general
agreement is satisfactory. However, the comparisons for
all the data indicate that the method of superposition tends
to give values lower than the data in the region between
the jets and values higher than the data in the outer regions
(refs. 46 and 47). For par~el jets, the disagreement was
not excessive.

For nonparallel or impinging jets, Baron and Bollinger
(ref. 46) found the method of superposition to be unsatis-
factory for determining the flow field. Figure 57(b) (ref.
4f3) illustrate the disagreement between predicted and
exTerirnentalvalues for an included angle of 14°. -The dis-
crepancy between experimental and predicted values in-
creased rapidly with increasesin the included angle. JMutual
entrainment and variation of stati~ pressure in the region
between the jets were suggested w probable causes for the
lmge discrepancies between predicted and experimental
values. Equation (85) should not be used when the angle
between jet centerlines is greater than 14°.

N’ormal jets: Multiple gas jets entering normal flowing
gas streams are discussed briefly in reference 32. No quali-
tative data are presented. However, included schlhen
photographs imhte that two orilices in line in the flow
direction give better penetration than orifices staggered in
position. Referenm 32 suggests that the mixing with
circular openings in line is similsr to that with longitudinal
slots. For longitudinal slots, it is hypothesized that the
wake of the upstream half of the jet allows the downstream
half to penetrate farther into the hot stream than would be
possible otherwise. It is also suggested that the optimum
distance between jet centerlines should be appr@mately 2
jet-orifice diametera.

Onfie coewnti: Determination of mass flows through
openings in combustion chambem reqnir~ a lmowledge
of the oriiice pressure ratios and disclmrge coefficients.
Much data are available pertaining to the discharge coeffi-
cients of orifices in a plane normal to a fluid flowing in a
duct. However, in combustion chambers of ramjet or
turbojet engines, the relative position of openings and the
presence of flame and crossflow of gases generally limit the
applicabili~ of such.data. As d re9ult, various investigators
have attempted to simulate the flow conditiths in ‘tiiiibustors
for experimental determination of oriike ~eficients.

Some of the pnmmeters investigated in the experimental
study of flow coefficients are oritice sizes, shapes, and pres-
sure ratios, and velocities and Reynolds numbers of
the gas streams. ca~aghn and Bowden (ref. 48) de~r-
mined the discharge coefficients of gas jets normal to air-
stremns m a function of oriiice pressure ratios and jet
Reynolds numbers for circular, square, and elliptical ofices.
The effect of airstremnvelocity was also investigated. How-
ever, most of the data presented are for much higher orifice
pressure ratios than would normally be encountered
in jet-engine cqmbustors. For ori.iices of the same area,
elliptical orifices (with the major axis parallel to the direc-
tion of flow of the main stream) had higher discharge co-

.
600

400

200

N-
Z.=

.= 0

MI distance in plane of jet centerlines, in

(a) Two parallel jets. Distance between centerlines, 2.99 inohes; jet
velocities qpproxirnately the same.

(b) Two nonparallel intersecting jets. InoIuded angle between je~
14°; distance between centerlines at plane of oriiices, 2.99 inohes;
jet velocities approximately the same.

l?rG~ 67.—Momentum flu~ distribution in two jets 23.6 inohes
downstream of jet orifices (ref. 46).

efficismts,followed by square and circular orifices. The die-
charge coeflicimt increased with increases in major- to
minor-ti ratios.. These results agree in general with the
results of reference 32, in “which maximum penetration of
jets horn longitudinal slots was compared with that of circles
and squares of the same area. .

The experimental data of reference 48 were correlated in
termEof jet Reynolds numbers and oritice pressure ratios.
For jet Reynolds numbers fiorn 0.3X10’ to 3.6X ld and
orifim pressure ratios from 1.15 to 2.09, the following corre-
lations were obtained for jets emanating from. sharp-edged
Oriiicesinto still air:

circular Oriiices :

$=0.948+4.83 (RejXIO-4+53.8)-1 (86)

Pt,j oh
@= f3.151~+ .

Square orifices:

~=0.916+7.50 (ReiXIO-4+74.0)-l (m
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FIQUEU68.—Effectof external velooity and ori6ce pramre ratio on
disoharge ooeflicient of ~inoh-diameter ofica. Orifice parallel to
flow direotion; zero intsrnel velooity; esternal statio p-~ 44.2
pounds per square inch absolute (ref. 49).
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FIQUBE60.—Cmrection factor for ofices not parallel to flow direction
(ref. 18).

@=o.150 ‘~+o.4t37P,

mptical orifices:

:=0.964+0.130
(

“’:10-4+0.63)-’ (88)

@= O.149‘~-O.469P,

“ ‘ 4.17$0=5.97~—

In addition, discharge coeflieients for jets entering main
streams having velocities as great as 380 feet per second can
be calculated from the preceding formulae. However, tlm
static pressure of the jet must be calculated from tho stotic
pressure of the main stream by use of the Bernoulli and con-
tinuity equations based on open area at the orifice, using tho
mainstream width minus the maximum width of the jet.

Some data indicating the effect of internal or external
crossflow and ori.ike pressure ratios are available in refer-
ence 49. Representative data for zero internal flow and
various external velocities with j$inch-dianmter orifices am
presented in figure 58. For zero external erossflow, the
orifice is similar to a normal ASME orifice in n straight pipe
with a dischmge coefficient of approximately 0.6. The dis-
charge coe5cient decreases with increasing external veloci-
ties and decreasing ori.tiee pressure ratios. These tmmcls
agree qualitatively with the results of reference 48.

Much data within the range of orifice pressure ratios in
the combustion chambers of jet engines are preaentecl in
reference 49. Representative discharge coefficients of two
circular orifices are presented in figure 59 in terms of AP/q.
and various externrd-internalflow veIocity ratios. In gcnera],
orifice discharge coefficients increased with decreases in
external-internal flow velocity ratios and oriiice diametms.
The change in slope of the curves of figure 69 is hypothcsimd
to be the result of ?pposite influences exerted by the internal
and internal lateral velocities. That is, an inter~ction
that depends upon the velocity ratio occurs, lTor external-
internal velocity ratios less than approximately 2, the intmrml
velocity is more important, the external velocity being mom
important at velocity ratios greater than 2.

Reference 18 has stated that the effect of inclination of
orifices to the direction of flow can be taken into account by
multiplying the discharge coefficients read from figures 68.

/0,. This correctionand 59 by a correction factor ~h,eo~,
factor is plotted in figure 60 as a function of the aqgle of
inclination between the oriiice centerline and the direction
of flow of the main stream. The orifice discharge coefficient
increases with a decrease in the augle behveen the orifice
centarlimi rmd the flow direction.

As a first approximation for use in combustion chambom
of jet engines, 0.6 should be used for oriiice discharge coe5-
cients unless appreciable internal or external crossflow exists.
In such cases, a dischaqge coefficient can be read from figure
58 or 59 and corrected for ori.iiceinclination by the correc-
tion factor of iigum 60.



BASIC CONSD)ER4TIONS

AERODYNAMIC MIXING

IN THE COMBUSTIONOF BTOROCARJ30NFUELS WITH AIR

The aerodynamic mixing of mass, heat, and momentum is
of fundamental importance to many of the processes involved
in converting the heat energy of fuel to an optimum distri-
bution of momentum in the working fluid stream of jet
engines. The processes involving aerodynamic @xing in-
clude fuel-air mixing, combustion, and jet mixing, all of
which occur under turbulent-flow conditions. For this rea-
son, the discussion of mixing emphasizes turbulent transport
in high-velocity gas streams.

The mixing of quantities such as mass, heat, and momen-
tum in turbulent gas streams is accomplished by the gross
transport of large groups of gas molecules by means of the
turbulent fluid motion, with local mixing proceeding by
means of molecular motion. The turbulent and molecular
mkfig of heat and mass follows the same general laws, from
which differential equations may be formed for use in the
solution of problems in the diffusion of masa and heat in
turbulent streams. Solution of the differential equations of
diffusion is complicated by the dependence of the molecular
dtiusion coefficients on temperature and pressure, and the de-
pmdenw of the turbulent diflnsion coefficients on time. For
applications where the molecular diifusion coefficient is
constant or negligible compared with the turbulent diffusion
coefficient, a generalized fok of the ditTerential equation of
difhsion maybe used to obtain exactor graphical solutions
for a wide variety of transport problems encountered in jet-
ongine combustor design. The following sections include a
general discussion of the theory of turbulent diifusion, a dis-
cussion of the solution of the differential equations of dif-
fusion, a tabulation of solutions of transport problems for a
wide varie~ of boundary conditions, a discussion of the
effect of periodic flow fluctuations on transport, and appli-
cations of turbulent diffusion theory to problems in fuel-air
mixing. For the most part, the discussion and solutions
pertain to the time-mean concentration of mass or heat at
fixed points in fluid streams.

DIFFUSION

Fundamental equations,-Emp”rz”c.al lmm of heat,maw, and
momentum transfer: The differential equations describing the
trrmsfer of heat, mass, and momentum arise from a set of
similar empirical laws, each of which states that the flux of
a quantity being transferred through a tit area is equal to
the concentration gradient of the diffusing quantity muM-
plied by n coefficient. As shown in referenm 35, these laws
may be tabulated for comparison between the molecular and
turbulent maw as follows ~

Empirioal
law

Fiok------

Biot-Fourier

Difhsion
I

Laminar flow
I

Turbulent flow
of (moleoular)

These empirical laws may be correlated
Schmidt numbers for both laminar and

253

by the Prandtl and
turbulent flO~:

Number Laminar Turbulent

w
Pmndtl----------------- R.!: DT..~

Rr= D==

()/
Scmdt----------------- Sc= ; (DM) DTmcm&T=~

Experimental data on the diffusion of mw, heat, and
momentum are summarized in reference 35 as follo~:

Air---------- Warm air------ 0.74 ------ 0.76 ----
Air---------- Heliuro----------- ------ 0.34 ------ 0.70
Water------- Salt water----_--- ----- 786 ------ .04

From the preceding experimental results, it may be con-
cluded that the turbulent diffusions of heat and mass occur
at equil rates, since the turbulent Prandtl and Schmidt
numbers are essentially equal for the separate cases of mass
and heat transfer. The latter conclusion is in agreement
with the statistical theory of turbulent diflusion, which is
discussed in the following paragraphs. A necessary prereq-
tiite to the use of the empirically determined turbulent
Wlon coefficients is that the turbulent-flow fields to be
correlated must have proportional turbulence levels and
similar turbulent velocity autocorrelation coefficients. A
further limitation to the use of the dimensions Prandtl
and Schmidt numbers arisea from the assumption of a con-
stant coe5cient of dillusion, which in subsequent sections is
shown to be a function of time.

Di$ermtial equu$iom of di$w”on: The differential equa-
tions of diffusion.may be derived from the empirical Fick and
Biot-Fourier laws by equating the amount of the dhsing
quantity entering an infinitesimal volume to the time rate of
change of the total amount of the diRnsing quantity in that
id.niteaimal volume (refs. 50 and 51, p. 7). For the com-
bi.hed t~bilent and molecukm difhsion of mass without
local sources or sinks, the differential equation becomes

T
:y=& [(m’,M,i+af,f) &, (;=1,2,3) (89)

where the Xj are rectangdar coordinates. If the turbulent
field is homogeneous and isotropic, equation (89) may be
simplified to

~=(DT,M+DM) ~ (’i=l, 2, 3) (90)

The differential equation for the combined turbulent and
molecular transport of heat without local sources or sinb is

.
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A transformation of the independent variable T (tempera-
ture) similar to that presented in reference 52 may be
employed:

J
h= T PC,dT (92)

Tref

With the use of this tiansforrnation, equation (91) may be
written as

If the turbulent field is homogeneous and isotiopic, and if the
molemdar -lvity K~pcP is sm~, or nearly constant, and
equal in all directions, equation (93) may be simplified to

%=@’”+&)% (’=1J2J3)‘“)
Exact solutions of the preceding differential equations can

be made for a varie~ of tmmsport problems only if the
functional forms of the difhuion coefficients are known.
The effect of temperature and pressure on the molecular
transport coefficients D~ and K/pcP for most gaseous systems
cm be found in the literature. The turbuknt diffusion
coefficients D1.X and DTB can be determined experimentally
or may be predicted theoretically fkom knowledge of two
fundamental parameters of the turbulent fidd. The rela-
tion between the tlmbulent Wlon coef%cient and the
parameters of the turbulent field is found in the Taylor theory
of tilon by continuous movements, which is summarized
in the following section.

Homogeneous, isotropio, turbulent fields.-Dij@sion @
continuous mowm.ents: The theory of dMusion_by continuous
movements, first presented in reference 53, is generally con-
sidered to give a fundamental description-of the mechanism
of turbulent diffusion. The theory provides a coeilicient of
turbulent diffusion that may be used directly in equations
(S9), (90), (93), and (94). & shown in subsequent para-
graphs, this tion coefficient is a function of two param-
eters that chmacterize all turbulent fields. -

The first of the two turbulence parameters is called the

intefity ~, -@or @, which deilnea the magnitude of
the turbulent velocities in the three Cartesian coordinate
directions:

)~x+. -

Sketch(e)

where U. is the mean stream veloci@-, and the time-averages

~, K, and K are all zero. The second turbulence parameter
used in the Taylor theory is the Lagrangian double velocity
correlation coefficient ~ti (sometimes called the auto-
correlation coeihcient), which describes the degree of cor-

relation between the turbulent velocities of a particular fluid
particle at time zero and at time t:

where the 9?- are functions of the time interval t,and the
double bar over the product of instantaneous velocities
denotes an average of a large number of particle motions.

When the turbulent field is homogeneous (G=dz?
etc.), the Lagrangian correlation coefficients maybe written

From the definition of the correlation
integral equatiofi may be writtem:

&.=”*

coefficient %, ~, an

Since the mean displacement ~ of a large number of fluid
particles is given by

~=j; ~dt

and since

equation (95) may be written as

(9i3)

1 @
& shown iu references 54 and 55,’ the quantity ~.= corre-

sponds directly to the turbulent diffusion coefficient D~j so
that

(97)

(9s)

(99)

The turbulent difFusioncoefficients derived in the previous
equations make no distinction between the transport of hmt
and mass, and are therefore considered to be applicable to
both equations (90) and (94). It is of particular signifi-
cance to note that the Taylor theory assumesa homogeneous
turbulent field w-here the values of the various intensities
and correlation coeflicienta do not change with position in
the field. If the field is also isotropic, then DTA, DT,V,rmd
D... should be identical.
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correlation me-: Direct measurement of the Lagran-
girm correlation coefficient ~U do~ not appear to be feasible
by conventional anemometry techniques, since by definition
the motion of rLparticular particle must be observed over a
finite length of time. An Eulerian double velocity correla-
tion coefficient @%~hns been deiined by Taylor in referance
56 and generalized by von K4rm6n and Howarth in reference
67. The Eubrian correlation “coefficient %. describw the
degree of correlation between fluid-particle turbulent veloci-
ties at two diilerent points in the field at the same instant.
For a homogeneous turbulent field, the Eulerian correlation
coefficients of interest in ,the present discussion are those
relating the turbulent veloci@ components at the point
(0,0)0) and (z,O,O), (O,y,O)or (O,O,Z):

If the turbulent field is also isotropic, then %%= %A~, and
%w, are all identicrd. The correlation coefficient @B~ can
be measured directly by conventional anemometry tech-
niques (refk. 58 and 59), but to date no theoretical relation
hns been found between the Lagrangisn and Eukrian corre-
lation coefficients. The distinction between the two cmrela-
tion coefficients is illustrated in the following diagram of
pmticle position and turbulent velocity components:

Y
Poth of @icle u

UK ——— —— —. ——

/0

+=~

b.’
---ii

——=
%th of porticle b

Skotab (I-J

It is evident from this diagram that measurement of velocity
components at the points (0,0,0) and (z,O,O) cwmot result
in the true Lagrangicn correlation ~’ of either particle
a or b.

A turbulent diffusion experiment reported in reference 60
indicatea that the Nerian scale of turbulence ~BU may be
roughly equal to the Lagrangian scale of turbulence ~ti for
turbulence Reynolds numbem (@ Yxu)/p>100, w-here the
Eulerian and Lsgrangian scales are defined by

In a recent experiment (ref. 61), a direct comparison ma
made between the Lagrangian and Nerian correlation
coefficients. The Lagrangian correlation coefficient was
deduced from helium mixing dat+ downstream of a point
source, and the Eulerian correlation coeilicient was measured
directly by memometry. The Lsgrangian and Nerian
correlation coefficients were found to have the same shape
when related by the expression

(loo)

The factor ~ was constant for any particular stream condi-
tion and varied from 0.56 to 0.72 over a range of stream
velocities. .

Dryden (ref. 62) notes that measured correlation coef-
ficients commonly follow the exponential form and suggests
that the Lagrangian correlation coefficient might have the
form ,

%.v=e-:i;k (101)

where -&tiis a characteristic time related to the Lagrangian
scale by detition:

The exponential form of the Lagrangian correlation coef-
ficient, which was found in a .filon experiment reported
in reference 63, is used for illustration herein. An exponen-
tial correlation coefficient is shown in figure 61 for typical
ramjet-combustor approach-stream conditions of 300-feet-
per-second mean stream v~oci~, 16-fee&per-second turbu-
lence intensity, and 0.15-foot Lagrangism scale.

In practice, the Lagrangian microscale of turbulence kn
may have an appreciable effect on the form of the correlation
coefficient (ref. 60). The microscale is detined by the
relation

9.=1+ (t -aLu.t) (102)
.
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FIQUEE61.—Correlation coefficient ~ti,r of form ~~.,==e-~l~h.
Mean stream velocity, 300 feet per second; turbulence intansity,
15 feet per second; turbulence scale, 0.15 foot; turbulence miaro-
ioale, 0.0416foot.
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and its effect on the correlation coefficient is show-nin figure
61 for a microscile value of 0.0416 foot.

The turbulent -Ion coefficient DTO,, which results
horn the correlation coe.flicient g=,. shown in @ure ml, is
plotted in figure 62 as a function of time t and of the distance
downstream z through the transformation z= DA. In order
to illustrate the effect of turbulence scale on the turbulent
diffusion coefficient, curves are also shown -infigure 62 for a
range of scale values, all other parameters remaining the
same. The curves show two characteristics of the turbulent
diflusion cosfiicient:

(1) For small times (t<<~), or short distancw (z~UJm),
the eddy diflusion coefficient follows the form

(2)For large times (@tU), or large distances (b> U#n),
the eddy tilon coefficient follows the form

rDT,9= % JZ.a,v

It is of particular signifi”mce to note that the turbulent
diffusion coefficient is not constant, as assumed in empirical
treatments of diffusion, but is in reality a function of time,
which may have a very large variation in the range of interest
of procekk such as fuel-air mixing.

Twbuknce specirum: Taylor has shown (ref. 64) that the
Eulerian correlation coefficient %. is related to the one-
dimensional turbulence energy spectrum by the Fourier
transform integral

(103)

where the spectrum density function .F(/~) represents the
fraction of the total kinetic energy which lies between the
frequencies ~ and~+d~, so that \

JO

r- -h-m 1.Sec_mm–––
1 I 1 I I I I I I
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C&xce4downst~a~ z, ft
78 d

FIGum 62.—Theoretical turbulent diffusion coefficient DT,U cor-
~ndk ~ _@n Corrdation coefficient ~L..s= 6-:’:k.
M&n B& velo~i@, -
I5 feet per second.

300 feet per eecond; turbulence intensity,

The spectrum density function ~~(/T) shown in figure 63
corresponds to an Eulerian correlation coefficient of the
exponential form

_—

%u,=e .du,v (106)

This short discussion of the relation between the correla-
tion coefficient and the spectrum density function is presented
to serve as a possible insight into the nature of the Lagrangian
correlation coefficient in casea where flow fluctuations me
present in addition to those due to turbulence proper. Tlm
dfect of abnormal spectra on turbulent diffusion is discussed
in a succeeding section.

.

Comparison of turbdent and moleeulardiflwion: An excel-
lent measure of dMusion is given by the quantity W, Which

is equivalent to the square of the standard deviation used
in the theory of statistics. The standard square d8vintion
a due to turbulence is related to the turbulent difhsion
coefficient by the expression

.

(106)

,

In a similar msnner, the standard square deviation due to
molecular motion is related to the molecular diffusion

20

..

I’o
8

6

4

0.w. 2 I I I 111111 I
--

>L
<- I

.8
c-
.: .6
.
: .4 I I I I I 1111 I I 1 I 1&111 ,.

1-1-1UI
> , I I 1 I 1Ill I , n \l 1 1 I [ 111

1 .
I

I

Y
I

.02 I I I I I I Ill 1 Y

,
.4 .61 2 4 6 IOX103.01:, ~2 I 1 I I I Ill 1

04 .06 .I .2---
Frequency, & CPS

.
FIGUEE63.—OnwLirneneional epectrum of- turbulence when @m,v-

~-ul%,u. iMean etream velocity, 300 feet per second; Eulmhm
s~e ~gti. ~ 0.15 foot; negligible rnicroscale.
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coefficient by (ref. 54)

Y&ol
umo~=—=

J
‘DMdt

2 0,
(107)

Methods for the determination of the total standard square
deviation u, where

.
are discussed in a subsequent section on the standard square
deviation. At present, it will suflice to note that the greater
the value of the parameter u, the greater will be the degree
of mixing. Comparison of the turbulent and molecular
standard square deviations must be based on the form of
the correlation coefficient, since the turbulent diffusion
coefficient depends directly on the correlation coefficient aa
shown by equations (97) to (99). For purposes of com-
parison, a correlation coefficient of the form given by equa-
tion (101) % assumed, and the turbulent and molecular
mean square deviations are plotted in figure 64 as functions
of time for various values of the parameters D~/.J%.~ and

G/-%%,.
On the basis of the preceding discussion, a comparison’

can be mnde for a model of practical interest: the d.iffwion
of isooctane in a turbulent airstream. For this comparison,
the molecular diffusion coefficient is maximiz ed by assuming
rLlow static pressure of 0.25 atmosphere and a high static
temperature of 1100° R. At these conditions, the molecihm
diffusion coefficient D~ has a value of 0.0007T4square foot
per second. The turbuIent standard square deviation COT
for a mean stream velocity Z7=of 300 feet per second,. a

turbulence intensity -@ of 15 feet per second, and a
Lagrangian scale of 0.15 foot, was calculated from equation
(106) using the turbulent d.ifhsion coefficient shown in
figure 62. The turbulent and molecular standard square
deviations are shown in figure 65 as functions of @e.
While the molecular standard square deviation is negligible
in this ditlusion model over the range of interest, this may
not alwmys be the case. For example, the tirnea and distances
over which difFusion occurs in flame fronts are so small that
the molecular diflusion coefficient might become significant.

Generalized form of di$erentia.? equations of di~ti:
Solutions of the diilerential equation of diffusion with
constant coefficients are treated for a wide variety of .bound-
arg conditions in references 51 and 65. Equations (90) and
(94) for the combined turbulent and moleculm *ion of
mass and heat, respectively, have coefficients that are func-
tions of the independent variable t,but maybe transformed
to equmtionswith constant coef%cients through the relations

sCOM= o’(DT,~+D~) dt (108)

(109)

Methods for the determination of the standard square
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I?mrmm64.—Comparfson of turbulent and molemdar standard square

G,

deviations, based on @L.,~= e ~La.v .

deviation ~ are discussed in a subsequent section. With the
transformations (108) and (109), equations (90) and (94)
become, respectively,

w a%
— .—

awx ax:
(i=l,2,3)

ah a’h
Z===

(;=1,2,3)

(110)

(111)

which are amenable to the same solutions as the diflerentird
equations of diilusion with constant coefficients.

Several methods have been evolved for the solution of the
ditlerential equations of di.flusionfor the various boundary
conditions corresponding to the type of diffusion source.
The method to be followed herein is that which utilizes the
instantaneous point source in deiivatioti for all source
configurations. In addition to its value in the more compl~x
derivations, the point-source model adequately describes
some diflusion systems of practical interest and is therefore
treated in more detail than the complm models. Siice
equations (110) and (111) are identical except for the
symbols deiining the dependent variables, their solutions are
ilso identical. Hereinafter, the equation for the diffusion of
mass will be used, with the understanding that its solutions
and those for the diflusion of heat are identical in form.
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Fmmm 65.-Standard squaredeviationbasedon turbulent&Eusioncoefficientshownin figure62 for Lagran@n scaleof turbulenceof 0.16 foot.

Point source: The solution for a point source of dithsion
is given in referenca 65 (p. 338):

(112)

where I
%?

Kp,
CIJ

z’
r

The

concentration of diffusing quantity at point (zjr) and
time t,lb/cu ft

strength of point source, lb
standard square deviation of fluid particles, sq ft
distanca downstream from point source, ft
radial distance from streamline passing through point

sourc8, ft

value o is a function of time, as illustrated in figure
65(a), and may be determined from equation (108) or by
methods discussedin the next section.

& shown in referenee 55, the instant.smous point-source
solution may be used to solve for the case of a continuous
point source. The concentration g at a point (zjr) is ob-
tained by a summation’ of contributions to that point

by instantaneous point sources located at the points
((~–mt),o,o):

J

_ (s- UAP-W
Y=% ‘~ e 4“ dt

(47r)fi , @fi
(113)

where w~ is the weigh&flow rate (lb/see) of material issuing
from the point source. With the exception of the limiting
cases of very small and very large distances from the point
source, the functional form of o does not permit direct in-
tegration of equation (113). To permit comparison with
several approximate forms to be discussed, equation (113)
was ached graphically and is plottid in figure 66 for tho
following conditions:
~tid ----------------------------------------------------- Air
Mean velocity, U., ftlmo ------------------------------------ 300
Stitiop=mi ati--------------------------------------- O.25
Statio temperature, “R------------------------------------- 11oo
Turbulent intensity, ~=~=&% ftimo--------------------- 16
Turbulence sord~ -$%ti==-%,.=-%o,, ft-----------.--------- ~i,~.l
&melation coeffloient, @~~u%ti,~=9ti,, ----------------- e
~d-----:------------------------------------------ Isoootine
Molecular Wusion coeffloient,sq ft/sm---.-------------- 0.000774
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47< xFor small times t<<tu, — —
U= ~wP’ and xsI/,z, equa.

tion Ll13) can be approximated by (ref. 55)

(114)

For large time5 >tti, neglecting diffusion in the z-direction,
equation (113) has the approximate solution (refk 55 and
66) : c

Another solution for large times D2% and for Z>,Z is
given in reference 67:

The approximate solutions given by equations (114) to (116)
are compared with the exact graphical solution in figure 66,

(a)

.O1O [ 2 3 4 5
Oistance&rnstream7

and it is evident that them solutions hold only for extreme
values of z or t.

An approximate solution that is apparently more nmrly
exact than the preceding ones is given in reference 68:

(117)

where wis evaluated at t=x/ ~z. Equation (117) is shown in
figure 66 and follows the exact graphical solution thqmghout
the range of interest. Through the use of equation (117),
the effect of the scale and im%nsity of turbulence on fuel-air-
ratio profiIes downstream of a point source may be shown as
in figure 67.

When the rate of fuel injection is a function of time
Wj:f(t’), the diffusion problem becomes that of a transient
point source with a solution as given in reference 65 (p. 339):

where u’ is the standard square deviation evaluated ~t the
time t—t’ by the use of equation (1,08) and methods de-
scribed in the following paragraphs. The possibiliw of an
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(a) Turbulence intensity, 0.05. (b) Turbulence intemity, 0.02 to 0.05.

FIcman 67.—l?Jfeotof scale of turbulence on axial fuel-h-ratio profle domstremn of contiguous point aouroeof diffusion. Pro!Nosbaaedon
eqaation (117); air densi~, 0.0764pound per cubio foot.
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analytic solution to equation (118) depends upon the func-
tional form of wj, f, even when diflusion in the z-direction is
neglected, with the integration performed over z. In cases
where analytic solutions are impossible, recourse must be
made to graphical integration or to differential analyzers
(rmalog coxnputem) such as described in reference 69.

Standard square deoidion: h discussed in n preceding
section on the correlation coefficient, the Lagrangian param-
eters of turbulence cannot be measured by existing ane-
mometry techniques; and, further, a theoretical relation
between the Lagrangirm and Euk.rian parameters has not
yet been found. This state of the science does not allow
direct mathematical or graphical determination of the
standard square deviation u through equations (97), (98),
(99), (108), and (109). Two alternatives are possible, the
first of which is based on the results of reference 61. If the
Eulerian correlation coefficient ~g~ is known for the fluid
stream in question, then the standard square deviation co
may be calcubted from the equation

-sJu “u
9.. dy dy

00
(119)

so that a graph of u is

/“’
o y, ft

Sketdl(d

Anemometry techniques for quick and simple measurement
of ti~a(y) are discussed in detail in reference 61. To obtain
a graph of ~ against t, the abscissa

@@, where.% was found to be 0.6

1

values are divided by
in reference 61:

of a point source emitting the gas at a continuous known
rate Wf into a turbulent stream flowing at a known velocity
U., the standard square deviation u could be determined as
a function of t=x/U=. The instrumentation and equip-
ment for such measurements would consist of a gas supply
and tube injector, sampling probe(s), and a gas-concentration
sensing instrument. The standard square deviation u
determined from such measurements could then be used in
any equation shown in table III for the solution of -Ion
problems having more complex source configurations,
boundary conditions, or both. Of the two alternatives, this
method seems to offer the best promise for accurate results
but is far more tiimbersome than the method described in
the preceding paragraph.

fine, plane, surjace, and volume sources: As mentioned
previously, the instantsmeous pointrsource’ solution may be
used in. the solution of all diifusion source configurations.
The concentration %at a point (zjr) is found by summ”
the contributions to that point from the i.niinitennmbermo~
point sources which form the particular source configuration
under study. Derivations of solutions for the various source
ccdgurations are not given herein, but a summary of equn-
tions is given in table III. Detailed derivations of these
equations cambe found in the references listed in the table.
Many of the equations in table III do not have analytic
solutions; hence, resort must be made to simplifying assump-
tions, graphical solution, or amdog computers before direct
solutions can be obtained.

Nonisotropic turbulent-flow fields.-The preceding dis-
cussion on the theory of turbulent d.iffwion and solution of
the differential diffusion equations has assumed that the
turbulent field is homogeneous and isotropic, which may
reduce the applicability of the results in most jet-engine
flow fields. Several methods for treating fields other than
isotropic or homogeneous have been found and are discussed
in following paragraphs.

Homogenmx @?cik: I?renkiel has suggested (ref. 55) solu-
tions to Wlusion problems where the turbulent *IOU
coefficients are linearly related by

/

DT,.=k;DT,v=k;DT,.

where ky and ks are constants of proportionality. If the
molecular diffusion coefhcient is negligible, equation (89) may

W -..
0 t, sec

Sketch(h)

When Qfictional relation betwetm o ad t is obtained, the
mixing problem may be solved mudyticdly or graphically.

The second alternative involves the indirect measurement
of the standard square deviation w in the field of turbulence
by utilizing known solutions for continuous point or line
sources. This method has essentially been employed in
references 60, 61, and 63, and is described briefly herein for
a continuous point source of diffusion. Inspection of
equation (117) reveala that, if the concentration % of a
gas were known at a number of points (z,r) domnstream

which may be transformed by the relation

.

into a generalized form

su== 0’DT,zdt

(121)

The solution to equation (121) for an instadmeons point
source of d.ifhsion is .

_[H–w+ky+tyl
Wdk&=

~’ —
(12’2)

(4T@JYJe 4“=
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TABLE III.-EQUATIONS FOR CONCENTRATION OF HEAT OR MASS DOWNSTREAM OF VARIOUS SOURCES “
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TABLE IIL—EQUATIONS FOR CONCENTRATION OF HEAT OR MASS DOWNSTREAM OF VARIOUS SOURCES a—Conaluded
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Solutions for other source configurations may be obtained I
by the summation method described in the preceding sec-
tions.

iVonhmnogenaw-s$eld.s: DifFusion process- may occur in
portions of the jet-engine stream having appreciable turbu-
lence intensity and velocity gradients, so that the turbulent
difhsion cosfkient may be a function of both time aid
space (assuming negligible molecular diflusion):

h this case, the cii.flerentialequation of WTusion becomes

Successful solution of equation (123) depends on the com-
plexity of the space-time equations for the diflusion coefE-
cients D~<, Dr.V, and D~,z.

D,,z=%=(t)F.(z)
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I?mmm 68.-Standard square deviation for turbulent-flom field with superimposed velooity fluctuations.

Turbulent-flow fields containing periodio flow fluctua-
tions,-As mentioned in preceding sections of this chapter,
flow fields encountered in jet enginw may be substantial
difFerentfrom those found in fully developed turbulent flow
in pipes or in turbulent flow behind grids. Since theoretiwd
and experimental work in turbulent Wlusion has mainly
been con.linedto turbulent pipe flow or to flow fields behind
grids, it is of interest to consider the effect of abnormal flow
fiel~ on diffwion.

Measurements of axial and lateral kinetic-energy spectra
(ref. 70, fig. 14) and of sound spectra (ref. 70 and discussion
in ch. VTII) indicate that flow fluctuations may be present
h the form of discrete periodicities or in finite frequency
bands. The spectrum density function for such turbulent
fields may be written as,

where ~ is the mean square of periodic velocity fluctua:
tion; W is the mean square of periodic velocity fluctuations

hav@ finite band width; and UT is the total mean square of
all velocity fluctuation, equal to

—. ——
u:, ,=U;+;, ,W-1-u;,w (126)

If the anergy spectrum of a flow field ~ known and can be
represented by an equation such as equation (124), the
Nerian correlation cmdlicient can be calculated from
equation (lo3). Although a direct theoretical relation has
not been determined between the Eulerian correlation co-
efficient g~” and the Lagrangian correlation coefficient 9-,
it will be assumed herein that they are of the dame form, so
that the ceet%cient~ti can be estimated for turbulent fields
having abnormal spectia.

Superimposai dimreteperiodtii.a: To illustrate the pos-
sible tiect of a discrete periodic velocity fluctuation at a
particular frequency on turbulent diflusion, the flow field
used for figure 66 is assumed to have an additional discrete
velocity-fluctuation contribution at 100 cycles per second
with a magnitude of 30 feet per second. The spectrum den-
sity function for this field is
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k ~Euv

F,(/?T) =
u=

(

~(j%–100) (126)
~+ M&ypr

z

so that the Eulerian correlation coefficient becomes
.

(127)

It will be amumed that the Lagrangian correlation coticimt
lms the same form as the Eulerian correlation coefficiaut:

~a,-–z- ~-tlt~+!’~ C(IS2T/Tt (128)
u:, ~ u:, ~

from which the standard square deviation wmaybe obtained

u=2.24 t+ O.0225(e-’mc–l)+0.00057 (l–cm 200m!) (129)

The standard square deviation m given by equation (129) is
shown in figure 68(a) for two cases:

(1) kmming that the turbulent diifusion coefficient may
have negative values

(2) ksuming that the turbulent diffusion coefficient can-
not have negative values and that, where the theo-
retical relatiois have negative values, the turbulent
diifusion ccticient is zero

The standard square d~viation shown in figure 65(a) is shown
again in figure 68(a) for comparison. The concentration
downstream of a point source of &tlusion in the turbulent
field containing the discrete velocity fluctuation was sxi,lcu-
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lated from equation (117) and is shown in figure 69(a.) for
both the preceding cases, along with the concentmtion for
the turbulent field without periodic velocity fluctuations.

Superimposed wlocity $wtaaticms with jinite band width:
By assuming that the Lagrangian and Eulerian correlation
coefficients have the same form, the standard square devia-
tion may be evaluated for a turbulent field having periodic
velocity fluctuations of a constant mean square value dis-
tributed over a iinite band width of frequencies. For illus-
tration, the same turbulent field is taken, except that a band
of turbulent velocities of constant amplitude is assumed to
lie between 100 and 130 cps. The standard square deviation
for this assumed field is shown in figure 68(b), and the con-
centration downstru of a point source of difTusionis shown
in figure 69(b), along with the concentration prd.le that
results from the turbulent field with no periodic velocity
fluctuations.

Concentration fluctuations,-As mentioned earlier in this
chapter, the text discusses aerodptic mixing from the
viewpoint of time-mean values of heat and mass concentra-
tion. In many jet-engine applications, Imowledge of the in-
stantaneous fluctuations of mass and heat concentration may
also be required. Unfortunately, only a limited amount of
research has been done on this subject. Experiments such
as reported in references 60, 71, and 72 show that concentra-
tion fluctuation may be as great as 0.8 of the time-mean
value. Fluctuations of this magnitude could greatly affect
the combustion process.

In reference 60, an Eulerian approach to the mixing prob-
lem is taken, and an important quantity appearing in the
equations is the correlation be~een the ~n~n~ation fluc-
tuations and the turbulent velocity fluctuations. Measure-
ments reported in references 60, 71, and 72 indicate that
this correlation has a consistent variation in value across
the mixing space.

Although the concept of concentration fluctuations may
serve to indicate trends in jet-engine design, its direct appli-
cdion to design problems must await further research.

Summary.-The empirical tieatment of turbulent diilkion
and the Taylor theory of diffusion by continuous movements
have been compared. It was pointed out that the empirical
treatment does not fully describe the process of turbulent
dfilon and may give misleading information when funda-
mental data are applied to full-scale engine design. The
Taylor theory of di.tlusionrequires quantitative knowledge
of the Lagrangian parameters of the turbulent field uhder
consideration before solution of particular mixing problems
can be made. Site only the Eulerian parameters of the
turbulent field can be measured by conventional anemometry
techniques, two altemativw are sugg~ted ~ ob~ the
Lagrangian parameters. The first alternative is to convert
the Etierian correlation coefhient to the Lagmngb corre-
lation c.milicientby ma of. an empiri~ me~od d~~bed
in the section on standmd square deviation. This requires
either experimental measurement of the Nerian coefficient
by anemometry, or estimation from previous experience.
The second alternative would employ a simple point or line
source of tilon of mass or heat, respectively, installed in
the flow region of interest, and concentration-se- instru-
mentation at points downstream of the diffusion source.

The Lagmngian parameters could then be obtained from the
measured concentration profiles and used in the solution of
mixing problems having more complex sourcq configurations.

b pointed out in the preceding sections, periodic flow
disturbances may seriously affect the tiusive character of
jet-engine flow strbams. For the present, at least, this may
make generalization of the diilusion process impossible. It
is strongly recommended that turbulence measurements be
made in full-scale-engine test installations whenever possible
so that realistic fundamental experiments on d&sion. may
be made. In addition to periodic flow disturbances, rmother
complication of tbe mixing problem is found in nonhomo-
geneity of turbulent fields. The differential equations of
ditlusion are given for this case, but their solution depends
upon the particular mising problem. Further practical ex-
perience in these cases may provide reliable simplifying as-
sumptions to the equations. A compilation is pmsentml in
table lJI for a variety of tilon source conflgumtions.
Accompanying each equation are notes to assist the choosing
of an equation foi a particuhm mixing problem. A number
of tbe source configurations and boundary conditions do not
allow analytic solutions to the differential equations of diffu-
sion; hence, recourse must be made to numerical, graphical,
or’ differential-analyzer methods of solution.

PUJ3L-AIR~G

The mixing of fuel with the flowing stream in jot engines
is of considerable importance in design practice. The fuel-
air-ratio distribution at flame stabilizers in ramjet combus-
iwm and turbojet afterburners often aflects engine perform-
ance strongly. The initial mixing of fuel and air, with
subsequent introduction of dilution air, is one of the most
iniportant processes in turbojet combustors. The applica-
tion of the diffusion equations to the mixing of vapor with
flowing air and of heat with flowing air to some of the simple
source cor@urations haa met with substantial succms, but
much mnmi.nsto be done in this field. In particular, suitablo
relations between the Eulerian and the Lagrangian turbu-
lence parametem are needed in order to predict the standnrd
square deviation of a given turbulenkflow field. Solutions
for the more complex source configurations and detniled
lmowledge of the turbulent field in all @pea of jet-engkm
combustom would be of considerable utility to both design
practice and research. The following sections discues the
current status of practical application of theory to fuel-air
mixing and present suggested extensions to existing infor-
mation on tie fueI-air mixing.of evapomt~g sprays in high-
velocity airstreams.

Experiments on diffusion from sfiple point and line
souroes.-The turbulent difhsion of hydrogen and carbon
dioxide bm a point source in a flowing airstream conforms
to equations (115) or (116), as reported in reference 68.
As predicted by the Taylor theory of d.ifhsion by continuous
movements, the turbulent diffusion coefficient was found (1)
to approach an asymptotic value with increase in distance
downstream, (2) to be approximately directly proportional

to the mean~tremn velocity U= (and hence r u;, ~ince

@/U= iS substantially constrmt in fully developed pipe
flow), and (3) to be proportional to duct size (and hence
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L?’~,,, since J%’mo.is proportiomd to pipe diameter in fully”
developed pipe flow). A similar experiment, reported in
reference 63, shows that the d.iilusion of salt water from a
point source in rLturbulent water stream follows equation
(117), and that the Lugrangian correlation coefficient follows
the form given by equation (101).

The difl%sion of naphtha injected at low- veloci@ horn a
small tube into a high-velocity gas stream was found in
referenea 73 to follow equation (116) when an empirically
detmmined turbulent diffusion coefficient was used. The
turbulent difTusion coefficient was independent of stream
static pressure (over a range of 4 to 56 lb/sq in. abs) w
predicted by the theory of diflusion by continuous move-
ments.

The diffusion of heat from a line source is reported in
refwence 74 to follow equation (161) (table III), where

(130)

which is in agreement with the theoretical standfid square
deviation for t<tti,a~ discussed previously.

The diffusion of heat horn a line source in a turbulent
stream has also been investigated (ref. 60) through a range
of timo such that the Lagrangian correlation coefficient could
be evaluated. The meam temperatures in the heat wake
behind th6 line source were found to follow a simple form of
equation (161) (table III):

(131)

where the mean square deviation wwas a function of time and
asymptoticd.ly approached a constmt value.

Fuel droplet trajectories and impingement.-Aerodynamic
mising includes not only diilusion mixing of unlike gasea
but also the contact of liquid-fuel droplets with a gaseous
medium into which the fuel may vaporize. In a turbojet
combustor, liquid fuel generally is introduced in the form
of a hollow-cone spray composed of fuel droplets that vary
widely in size. The fuel is rapidly disintegrated by recir-
culator currents induced in the primary combustion zone.
In ramjet combustors, however, liquid fuel may be in the
form of a fine spray introduced longitudinally into a high-
velocity aimtream. Much of the spray may be deposited.
on the flameholders, the amount depending on the fineness
of the spray and the gas-stream velocity. Reference 75
suggests that the stability of flames behind a flameholder
depends, among other things, upon the liquid fuel that col-
lects upon the bluil object. A possible explanation of the
entry of the collected fuel into the recirculator zone down-
stream of the flameholder is the rearward flow of the liquid
fiml to a downstream point on the flameholder, at which
point the fuel is either sheared horn the rod surface by the
high-velocity airstream or is partislly vaporized by heat
conducted from the flameholder. Under either condition,
much of the fuel is swept into the recirculator zone. With
such a combustion s@em, the rate at which fuel collects
upon the blufl object, or the manner in which it is carried
past (fuel droplet trajectories) can be important in stable
and efficient combustion.
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l?mum 70.—Total liquid droplet collection ei3ciency of cylindrical
rod in moving ah-stream(ref. 78).

l?mmm 71.—Angle beyond whioh no liquid droplets impinge on
cylindrical rod in moving airstiam (ref. 78).

I

B

Fmmm 72.—Impact velocity of liquid droplets at stagnation point
on cylindrical rod in moving airstream (ref. 78).
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Referenm 76 presents data for the trajectories of small
water droplets moving at high velocities past a cyli.miarin
air. Data -were calculated from the differential equations
of motion of a particle. Variables included cylinder radius,
air velocity, viscosity, and density, and the droplet velocity,
diameter, density, Reynolds number, and drag coefficient.
Data showing the maximum colh%tion ticiency of a cylinder,
the angle beyond which no droplets strike, and the velocity
of impact of the droplets on the rod’ are presented. These
data were calculated for droplets of uniform size. In gen-
eral, however, droplets in a combustor are not of uniform
size. Thus, although the data of reference 76 may not allow
quantitative answers, qualitative comparisons of diilerent
flameholders may possibly be determined.

A detailed description of the method of calculating the
data of reference 76 is beyond the scope of this chapter.
In general, however, it was found (ref. 77) that, for fuel
collected on a cylindrical rod, the thiclmess of the fuel
film decreases with decreasing fuel-air ratios and decreasing
fuel viscosity, the point of maximum fdm thickness moves
rearward and the film shape undergoes a marked change
with increasing airstream velocity, and the average velocity
of fuel in the film at a position on the rod 90° from the
stagnation point increases with increasing air veloci~ aqd
fuel-air ratio and decreasing fuel viscosity.

In reference 78, the families of curves of reference 76 are
generalized into a narrow range of curvw by the use of several
simplifying assumptions. The total collection efficiency of
the cylinder, the angle beyond which no droplet impinge-
ment occurs, and the droplet impact veloci@ at the stag-
nation point are presented in figures 70, 71, and 72, respec-
tively, in terms of B and /3as follows:

(132a)

(132b)

(132c)

(132d) ~

where
A range of droplet in still air if projected into still air

with an initial velocity ~=, when CD, dr fo~o~
values given in ref. 76

As range of droplet in still air as a projectile with initial
velocity U=, asswming that StokeS’ law holds

Be= Reynolds number of droplet based on air velocity U=
Red, Reynolds number of droplet based on velocity of

droplet relative to air, IU&– Z7=l

An empirical formula that fits the valuea of droplet drag
coefficient used in reference 76 is

CD&R&=l+0.197 (ReJ0.@+(2.6X10-’) (Redr)’-w (133)
24

These dati, like the data of reference 76, can be used best
for qualitative comparisons of diilerent flameholders.

Turbulent spreading of evaporating liquid-fuel droplets
from fuel injeotors.-hformation pertaining to the liquicl-
fuel distribution in fuel sprays in high-velocity airstreams
is limited mainly to simple-oritice contrastream injectors.
Reference 42 relates the boundary geometry of liquid sprays
from singbofice injectors to spray variables such as injec-
tion angle, injection pressure, liquid densi@, and jet velocity;
to injector variabl~ such as strut shape and oriiice diameter;
and h’ airstream variables such as stream velocity and den-
sity. Liquid concentration protllea resulting from oblique
injectms and from complex fuel injectors have not been
reported.

The initial spreading of the fuel spray is due to the radial
momentum imparted to the fuel droplets by the injector
and depends on the variables discussed in chapter 1. I?urther
spreading takes place by virtue of the mixing action of the
turbulent field and follows the same general laws as the
diffusion of vapor or gas when initial spreading has been
accounted for by assigning an approp~ate sourco configura-
tion. Di@el oil concentration profiles downstream of o
simple-oriih contra-stream fuel injector and of a hollow-
cone spray nozzle are reported in reference 73. For a low
liquid jet velocity, the concentration proties follow the
equation

(134)

(where J, is liquid fuel-air ratio), which is identical to equa-

tion (116) (tible III) if Dr=figmti as assumed in tho
reference. For a higher liquid jet velocity with the simplo-
orifice contrastream injector, the data of reference 73 fit the
diffusion equation for a disk source:

(136)

where~’ is total fuel-air rntio, and

so that equation (135) is identical to equation (176) (tnblo

III) if co=D~z. The function # is plotted in reference 73

for a range of values of rlrti and U=r~,/2D@, where the
disk-source radius rti follows the empirical relation

()

pat% –$4r:=ll.2 —
Pm. f

(136)

Cimcentration proiiles downstream of the hollow-cone spray
nozzle also followed equation (135) when an appropriate
disk radius was used. It, waa found that the empirkally
determined diilusion coefficient for liquid-fuel droplets was
identical for the three fuel-injection systems when aimtreum
conditions were held constant.

The experimental work discussed in the preceding prwa-
graph suggt%s that liquid-fuel spreading proceeded at a rate
independent of fuel droplet size, since the concentration pro-
iiles conform to equations derived for continuous mediums,
A detailed photographic study of isooctane fuel sprays
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reported in reference 79 shows that the acceleration of evap.
orating fuel droplets to stream veloci~ was independent of
drop size for tho stream conditions investigated. Analysis
of the data reported in reference 79 shows that, for the spray
system studied, the droplet velocity conformed to. the
equation

Uti=U~l-e-m71) (137)

The time required for a fuel droplet to reach any station z
downstream of the fuel injector was

[ I
z=Uz t~&7 (1–e-=7f) (138)

Two such distance-time curves based on the data from
referrmce 79 are shown in figure 73, along with the linear
time-distance curves x= U&corresponding to the two stream
velocities investigated in the reference.

The signiiicnnce of equation (138) is shown by further
analysis of liquid-fuel concentration profiles measured in the
same fuel-injection system as the data of reference 79.
These liquid-fuel concentration data (unpublished) were ob-
tained during the fuel-spreading program reported in refer-
ence 80. The liquid-fuel concentration profiles follow a
form based on equation (117) (table HI):

. (139)

Valuea of r.o,fwere determined from the liquid-fuel profiles
at three difFerentstations downstream of the fuel injector
for the same stream conditions used in reference 79. Through
the use of figure 73, the liquid-fuel standird square deviation
can be plotted as a function of time, as shown in figure 74(a).
As seen from the figure, the diffusion coefficient D.,lf for
the liqhid-fuel droplets is independent of both time and
stream velocity over the range invcatigatad. The experi-
msmtal data of reference 73 include valuea of the diesel oil

droplet diilusion coefficient D,,,f at a fied station dow-n-
stream. of the point-source injector for a range of stream
velocities horn 200 to 460 feet per second. The droplet
diilusion coefficient DT,,, was found to be constant over this
velocity range, which corroborates the data of figure 74(a).
At the present time, no straightforward analysis is available
that explains the independence of the liquid-fuel droplet
W3!usion coefficient from stream velocity.

A summary of unpublished data obtained in conjunction
with the research reported in reference 80 is shown in figure
74(b), where the isooctane liquid-fuel droplet standard
square deviation is plotted as a function of time. The
time t was found from equation (138) for each data point,
with the assumption that the liquid droplet acceleration
was independent of stream pressure and temperature. The
data scatter indicates that either the liquid droplet diilusion
coefficient ll~,u or the liquid droplet rmial acceleration, or
both, may have a relation to stream temperature and
pressure. lh.rctherexperimental data on the acceleration of
evaporating fuel droplets over a range of streampressures
and temperatures would be of great utility in evaluating the
numerical constant in equations such as (137) and (138).

Oistancedownstream of injector, X, in.

FIGURE 73.—Fuel droplet residence time in simple-orifice, oontra-
stream, iaoootane evaporating spray (ref. 79).

(a) Variation of stream velooity. (b) Variation of pressure and temperature.

Fxc+mm74.-Isooctane liquid-fuel droplet standard square deviation dowmtream of simulated point source.
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Combined spreading of liquid and vapor fuel “in high-
velocity airstreams.-The spreading of evaporating liquid-
fuel sprays is heated in referenm 80, where isoocttme was
injected from a simpleaifke contcsstmmn injectcrr into a
high-velocity aimtmam. The stream pressure and tempera-
tures were varied over wide ranges, and vaporization rates.
(ch. Q and total fuel-spreading parameters were evaluated
from the total tiel-concentration profiles, which followed the
form

(140)

Equation (140) is identical to equation (117) (table III) if
S=h. The total fuel-spreading parameter 5’ was found to
follow the correlation

S=0.0598 (1000
) ()

L ‘-’7*4Q $.79 ~ -;w p;a57 &.76+ oo_jo42

. . . .
(141)

While the correlations presented in reference 80 hold for fuel
injectors and airstream conditions used in the investigation,
a more general analysis would apply to any source configura-
tion. The remainder of this section is devoted to a sug-
gested general amdysis.

. The diflusion model of an evaporating spray maybe con-
sidered to have a source eontiguration consisting of an
infinite number of point soure.eaof vapor fixed in space at
the coordinates (z’,y’,z’):

Vapor

Y
cancentmtim

Point wrce at (~,z)

at (#yj’z’) T

9 I

. Y!
IY
I

1 / 1 / x
],~z’.—. — —- 1’, ~z

——-— ———— ———— —— b
z x

Sk9tah(0

The point sources fond a volume corresponding to the space
swept out by the liquid fuel droplets as they are swept down-
stream, and each point source releases vapor at a rate deter-
mined by the liquid-fuel concentration and the vaporization
rate at the coordinates (z’,~,z’). The rate of release of
vapor, or point-source strength, is given by . -

aL,
‘%=PJJJ1 ~ (142)

The liquid fuel-air ratio j Zis a function of the eoordiaates
(z’,y’,z’), and its form depends on the particular fuel-
injection system under consideration. For the simple-
ori.iice contmstwazn injector studied in referenee liO, the
liquid fuel-air ratio was of the form given by equation
(139), which may be rewritten as

(143)

The vaporization rate ?h@ appearing in equation (142) is
discussed in chapter I. If the drop-size distribution is con-
stant amcs.sa particular station, as was the case for the fuel
sprays investigated in references 79 and 80 (and apparently
in ref. 73), the vaporization rate th,/bt is a function only of
the &stan@ z’. The functional relation between b@t
may be found by the equation

w-here the droplet velocity U~, may be obtained from data
such as those of reference 79 (shown in eq. (137)) and the
sxiaI gradient of the evaporated fraction b@x’ from data
such as those of reference 80. The hction of the total fuel
evaporated at any particular station can be obtained as a
function of the distance x’ from data such as those of refor-
enee 80, as discussed in chapter I.

The vapor ecmcentration at a point (z,y,z) (see sketch
(i)) is given by equation (185) (table IH), which may be
written in terms of vapor fuel-air ratio S8follows:

For the fuel-injection system dmcribed in reference 80, the
relations given by equationa (142) to (144) may be applied
to equation (145):

(146)

which may be reduced to
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While L,and colfare known functions of z’, the integration
over z’ must be tied out for a number of. values of t for
each particular point (z,y,z), so that the graphical solution
of oqufition (147) would be tedious, even with the aid of a
dtierential analyzer.

l?ffeot of solid boundaries and flow-area changes on fuel
spreading.-The effect of duct walls or other solid boundariw
on both liquid-fuel droplet, and fuel vapor concentrations is
discussed in reference 73. The effect of mills on the liquid-
fuel concenhation is indeterminate, since the liquid may
either adhere to the wall or reatomize back into the stream
(ref. 73). For the vapor case, m exact solution has been
obtained (ref. 73) for the vapor-fuel concentration proiiles
downstream of a point source located on the centerline of a
circular duct. A graphical method for wall correction is
proposed in the same reference, which comparea well with
both experimental data and the exact theoretical solution.
Tho method essentially assumes that vapor is reflected from
the walls and is directly additive to the theoretical cmcen-
tration profile for an infinite duct. An empirical method for
gmphicdly detemnining fuel concentration proii.lesin ducts
of chrmging area is discussed in reference 73.

Assumptions and procedure necessary for application to
jet-engine design.—The information contained in the pre-
ceding portions of this chapter on aerodynamic mixing may
be used to solve practical problems in jet-engine design. A
typical problem is the positioning and spacing of fuel in-
jectors in combustom. By following-the procedure listed
below, a direct solution to this problem maybe obtained:

(1)

(2)

(3)

(4)

Determine the physical properties of the flow field:
(a)
(b)

(c)

The radial velocity proiile must be fairly flat.
Reasonable variations in the axial velocity pro-
file are permissible if the mixing process is con-
sidered on a time scale only.
The turbulence must be fairly homogeneous
throughout the nixing region. (Struts, fuel in-
jectors, etc., may introduce considerable vortex
streets.)

Determine the appropriate con@uratioR of the mixing
source. (See ref. 73 for some information on spray
nozzles)
Determine the functional relation between the stand-
ard square deviation and time, by one of the following
methods:

(a,) The experimental cliiluion method described
in the summary of the DitTusionsection

(b) By hot-wire-anemometer measurements and the
empiricfd relations in reference 61

(c) From estimation based on experience with
similar flow fields

Solve for the fuel-air ratio (fuel concentration) at
points of intere9t:

(a.) Use appropriate equation from table III.
(b) Use summation principle for multiple source

conjurations.
(c) Use instantaneous point-source solution (eq.

(112)) and sum by integration for soliution to
configurations not listed in table ~. (Seo
eqs. (142) to (147) for an example.)

Summary,-Experiments on the diffusion of vapor and of
heat horn simple point and line sources substantiate many
points in the Taylor theory of diffusion and in the mm-
Iytical solutions of the d.iilerential equations of ditluaion for
such source cmdigurations. The mean square deviation u
is a function of time aqmptoticfdly approaching a constant
value and is independent of local static pressure.

In addition to the spreading of liquid-fuel droplets due to
initial momentufn imparted by the inj ection and atomization
processes, liquid-fuel sprays mix further with the airstream
because of turbulence present in the stream. Litfle work
has been done on this subject to date, and available infor-
mation seems to indicate that the turbulent tig of fuel
droplets follows the same general laws as those for vapor if
special consideration is given to the aerodpmics of the
droplet. Data taken ovw a limited range of stream and
vaporization rate conditions seem to indicate that the
turbulent -Ion coticient for liquid-fuel droplets is
constant, but no general laws have been substantiated by
experiment. A suggested model for the combined spreading
of liquid and vapor fuel is presented, and the mathematical
analysis is carried to an integral form not subject to analytic
solution in its prwent form.

m MrxmQ

_ of gases having di.tTerent temperatures or different
components may occur in laminar flow or in flow having a
turbulence that is either microscopic or macroscopic in
character. k laminar flOw, fig is USUdy .dOw and
depends upon molecuku d.iEusion. T.nturbulent flow, mixing
depends upon eddy diffusion, whereby eddies in one stream
d.ii?use into the other streams, with a resulting incrense in
the mixing rate. lhficroscopic turbulence arises from flow in
a smooth pipe at Reynolds numbers greater than the critical
value, -while macroscopic turbulence results from obstzwction
or path changes in the mixing chamber. Nfixi.ng in turbulent
flow, especi+y macroscopic raising, is probably of greater
importance m combustor design than any of the other forms
of mixing. In general, mixing of gases can be achieved by
two major methods:

(1) Subdivision of streams
(2) Creation of turbulence

Mixing of gas streams by stream subdivision is discussed by
Minchin in reference 81. For two parallel streams of gases
having equal velocities but different temperatures, the
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lateral temperature gradient due to microscopic mixing
alone could be approximated by

Temperature gradient =500(z) ‘ofll (148)
J

where z equals the distance from the junction of the two
dreams, and the temperature gradient, expressed in per-
o.mtage of the maximum temperature difference per inch,
is measured over a distance of 0.04 z. These results were
found to be independent of the absolute velocities of the gas
stream, as long tuathe velocities were equal and the Reynolds
numbers were above the critical value. For,mixingbetmeen
parallel streams varying both in temperature and velocity,
ltt.le change was discerned in the nixing near the mixing
origin. However, the tiect of the dif7erentvelocity became
marked at distances farther downstream. IL’was immaterial
which of the different temperature streams was the faster.

Variation of the angle of mixing between jets. influences
tig. Howevar, as shown in the following table, the effect
of the angle is negligible for included angles of less thaq 45°:

Total angle between jets,
deg

2.5 I 6.5

,------- 157
309 160
279 159
264 163
205 131
197 101
172
164 %

8.5

114
114
141
122

95.5
72

K 7

11.5

96
92.5

1020
100.5
60.0
4L O
18.0
11.7

In general, mixing due to microscopic turbulence between
Tarallel streams of gases is quite slow. Mixing can be ac-
telerat ed either by creation of macroscopic turbulence in the
at ering streams (e. g., by use of sharp S-bends before
junction of the stream) or by use of a turb~ence-producing
device at the stream junctions. With the latter method,
turbulence-producing devices introduced at the interface
between streams to cause interlacing of the streamsproduced
best results. Such devices are similar to the flameholders
used in some ramjet engines.

A possible method of mixing discussed in reference 81 is
the use of a cylindrical obstacle at the interface between two
Tarallel gas streams. This mising roll creates a vorta trail
-composed ahernately of gases horn the two different streams
and provides gaps for penetration of gases from the opposite
stream. Some data are reported in which the diameter of a
qdinder between two pmalJel streams of gases at ditTerent
temperatures was varied. Increasing Ag was obtained
with diameter increases from % to ~ inch. However, the
increased mising was obtained at the expense of an increased
pressure loss. Cylinders larger than % inch in diameter
effect ed no improvements in mixing. ‘

The absolute velocity of the two streams with the mixing
roll affects tha degree of mixing in that similar temperature
distributions require the same time interval for mixing.
Different-w in velocities of the two parallel streams hindered
formation of the vortex trail and reduced the degree of
mixing, although little effect was noted at velocity ratios
greater than 2. As with mixing with parallel streams alono,
it is immaterial which stream is the faster.

Some data have been recorded in which macroscopic
turbulence was created in each of the individual gas streams
before mixing. Data in which %inchdiameter cylinders
or sharp S-bends were installed upstream of the junction of
parallel gas streamsindicate that large-scale upstream macro-
turbulence reduces the mixing when the mixing-roll method
is employed. However, in plain mixing between parallel
gas streams, miii.ng was improved by the introduction of
upstream turbulence-producing obstructions. Mixing be-
tween two concentric gas streams differing in temperature
is similar to the mixing of two parallel gas streams. How-
ever, the mixing-roll method seems to be more effective
with concentric gas streams than with parallel streams.

Pressure losses due to mixing of gas streams in the follow-
ing three configurations are discussed in reference 82 (com-
plete mixing of the two streams after their junction is
assumed):

(1) For normal gas streams, expressions similar to those
defining presaum losses due to heat addition can be utilized
if the total-temperature ratio T,,,/T,,8 in equation (23) and
iigure 39 is replaced by

(149n)

where m a“ndwb are detied in table W. For rapid approxi-
mation, the difference in the R’s and y’s may be neglected,
and equation (149a) reduces to

%=6+%X’+”*) (149b)

By use of this new value of over-ill total-temperature ratio,
the exit Mach number Ml can be determined and the total-
pressure losses due to complete mixing of two perpendicular
gas streams can be found from either equation (22) or figure
39.

(2) The mixing of oblique gas streams is somewhat more
complicated than the mixing of perpendicular gas streams.
Additional parametem derived in reference 82 include

(160a\

“=Q+%)@

(Mob)

where a is the included angle between the gas streams. As
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Fm~El 7ij.-VnhJeS of parameter fl fOr determination of -g
promure 10W?S of oblique and parallel gas streams (ref. 82).

before, the diilerences in R’s and +s may be neglected for
rapid approximations, and equation (150b) reduces to

“*=WW+*)
A now parameter $2,which is defined as

(150C)

(150d)

is used in determiningg the exit Mach number. Valuea of
t2/fY*for various inlet Mach numbers and valuea of n*, and
-Y8of 1,4 are presented in iigure 75. The value of exit Mach

number M4 can be found by substituting @ for TZ,JTZ,3in
figure 39 or equation (23). Total-pressure losses due to
mixing of the two oblique streams can then be found from

74

(3) fig in PAEJ gas shams is treated in reference
82 in much the same manner as oblique streams, except that
a term which includes the area ratio is added. For mixing
of pdel gas streams, as shown in table IV, the parametem
B* ~d & are defined as

IP=JZZ (@&) (151a)

“*=:(+WR

(Mlb)

where d is the ratio of jet flow area Aa to mixed-jet flOTV
area ~. For constant R and y, equation (151b) reduces to

@=J4(+w*) ‘151’)
The parameter Q, which can be determined either from
equation (150d) or from figure 76, applies to, parallel-jet
mixing as well as to the mixing of oblique jets. However, the”
appropriate valu~ of 11* and @ from equations (151a, b, or -

TABLE IV.-ARRANGEMENTS FOR MIXING OF GAS STREAMS
(R& 82)

Gas strenm Arrangement B* Q
(for mgt R and ~) T

I I
1

(’%)(

‘Oral ------ “h+r: ‘ 4 ““-) ‘

~~~b. l’i.ab

I
I

I

Oblique------ ‘

-~+d~~: “+%%’:”)
4(’+2)( z%)

~+~b l’tsb From 6 .75
for eq. ( 50d)

=-

1
Pnrrdlel------

1
A+ d (1+~~

) )(
wabT1.ab .

(1+% 1+ w, T., )
From fig. 76—— or eq. (150d)

3b 4
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c) must be used. As with the mixing of oblique gas streams,
the exit Mach number can be found by substituting @ for
T&4/TLsin @e 39 or equation (23). The pressure drop
due to mixing of two parallel gas streams can then be found
from equation (150e), which also applies to normal gas
streams.

DESIGN SUMMARY

The object of this chapter has been to present aero-
dynamic relations applicable to the design of the combustion
chambem of jet engines. The designers of combustion
chnmbem are generally interested in the combtior approach-
stream parametem, combustor pressure losses, jet penetra-
tion and mixing, orifice coefficients, turbulence levels, and
fuel injection and spreading.

For the designer of combustion chambera of turbojet or
ramjet engines, equations (1) to (14) and figures 31 to 33 are
suitable for dete rmining approach-stream parameters of
pressure, temperature, and veloci~. Equation (15) and
figure 34 may be used to estimate the effect of combustor
pressure losses on over-all cycle perforriance. In accounting
for the effect on combustor pressure losses of abrupt changes
in cross-sectional flow area, blti bodies or flameholders, fric-
tion forces, and momentum changes imparted to the gases,
equations (16) to (34) and @u.res 35 to 41 can be used.
l?ressure losses due to jet mix@ can be estimated horn
equations (149) to (15I) and figure 75. Equation (35) can
be used to correlate combuster pressure losses.

hfany applications in combustion chambem require a
knowledge of jet mixing parameters. Theoretical velocity
prdles in free jets are best expressed by equations (41) md
.(43) and figure 43. Theoretical free-jet tempwature pro-
fles are best expressed by equation (49) and figure 44. For
coaxial jets, theoretical parametem can be obtained horn
figures 45 and 46. Equations (53) to (56) theoretically
relrde the penetration of air jets to duct dimensions and jet
and stream parameters.

Recommended experimental data on velocity profiles in
free jets are contained in equations (58) to (61) and iigures
47 to 49. Experimental temperature prefles in ilee jets can
be determined from equation (67) and figures 50 and 51.
Turbulence intensities in ikee jets can be determined from
figure 52, and the scale of turbulence in jets can be found from
equations (68) and (69) or iigure 53. If the-jets are coaxial,
equations (73) to (78) are recommended for experimental
correlation of jet size and velocity parametera. Experi-
mental data on jet penetration and temperature distrib-
utionsare contained in iigures 54 to 56. To account for jet
interaction, equations (84) and (85) and iigure 57 are suit-
able. Ori.6ce coe5cients, required to calculate the flow
through combustion-chamber openings, can be determined
horn iigures 68 to 60.

For theoretical ba@ground in the study of ditlnsion in the
cembustor, equations (89) to (111) may be used. Useful
expressions for instantaneous and continuous point sources
of diffusion are equations (112) to (118). In addition, table
III contains a large number of equations giving the concen-
tration at a point for many conditions with point, line,
plane, surface, and volume sources. For nofio~pic fields,
equations (120) to (123) are available. Equations (124) to

(129) can be used for flow with periodic fluctuations or a
superimposed velocity fluctuation.

In the study of fuel-air mixing, fuel droplet impingement
and droplet collection efficiency on flameholders, maximum
angle of impingement, and velocity of impingement are
determined from equations (132) and (133) and figures 70 to
72. Equations (134) to (139) should be used to determine
the spreading of evaporating fuel droplets from fuel injectors.
And for the combined spreading of liquid and vapor fuel in
high-velocity gas stre&ns, equations (140) to (147) ore
suitable.
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CHAPTER III “4

IGNITION AND FLAMMABILITY OF HYDROCARBON FUELS

By ‘l?m~K E. Bmms and CLmm C. Swm-r -

INTRODUCTION

Many physical and chemical influem% set limits on
ignition or flame propagation in fuel-air mixtures. The
importance of these limits in high-speed combustors is
evident; they may give rise to conditions in which the
mixture cannot be ignited or, if ignited, is incapable of
sustained burning. This chapter discusses the experimental
observations of flame quenching and of the limits of flam-
mabflty, flame propagation, and ignition and draws from
them some insight into the basic mechanisms that set the
limits. Although most of the results in the literature have
been obtained for homogeneous mixtures and for single fuels
rather than mnlticomponent fuels such as those used in prac-
tical engines, there are many applications of both the data
and the idens to the operating problems of h~h-speed
combustcm.

A flamnmble mixture is ddned as one capable of propa-
gating flame indefinitely away from, and in the absence of,
a source of ignition. That is, emignition source such as an
electric spark must be provided initially, but a flammable
mixture will continue to propagate the flame even after the
spark has been turned off, while a nonflammable one will not.
In the nonflammable case, emission of light or some other
evidenca of chemical reaction may be observed, but this
persists only while the ignition source is in operation.

A flammable mixture of fuel and air maybe progressively
diluted with either constituent until eventurdly a mixture
results that is nonflammable. The limit of flammability is
the borderline composition that separa% mixtures capable
of propagating a flame from those that are not. If the
diluting agent is air, the limit mixture contains too little
fuel to be capable of sustrdned flame propagation; and the
borderline concentration is termed the lean or lower flam-
mability limit. Conversely, if the diluting agent is fuel, the
rich or upper flammability limit is reached. The flamma-
bility limits at a particular temperature and pressure
obtained in this manner are often called the concentration
limits. They may be made independent of any apparatus
effects; therefore, these limits are physicochemicrd constants
for each fuel. Mixtures of fuel concentrations between the
lean and rich limits are said to lie within the flammable
range.

It is sometimes observed that a flame in a mixture well
within the flammable range will be extinguished if it is
forced to propagate through a constriction. The walls are
evidently able to exert some repressive influence on the
flame. The effect is obsemable in Bunsen burners when the
flow of mixture is suddenly stopped. If the burner tube is

sutliciently wide, the flame will flash back and propagate
into the stationary mixture; whereas, with a smaller tube,
it will be edi.nguished at the port. This effect of the walls
on flame propagation is termed quenching.. It is possible
to determine a minimum diameter or a minimum rectangular
opening through which a flame will travel, and such a dimen-
sion is a quenchhg distarice.

Although the walls are able to set limits of flame propaga-
tion, these limits are not flammability limits in the true
sense, since they are not physiochemical constants of the
fuel: Rather, the limits are conditioned by the presence of
malls.

SYMBOE3

The following symbols are used in

Avogadro number
geometrical factor

this chapter:

‘tiensionless factor, value of which depends only
. on geome~ of quenching surface
constant ~
constant
capacitance of condenser
specific heat at constant pressure
diffusion coefficient at 77° F and 1 atm
diameter
quenching distance
critical slit opening
critical tube diameter
apparent energy of activation
energy km capacitance
total ignition energy
energy from inductance
energy in line source
constant relating total number of- reaction events

that occur during passage. of a flame to number
that must occur in reaction zone for the flame
to propagate

function of intensity of turbulence, ft/sec
constant
current, amp
constant
constant
average rate constant for reaction of active

particlea with fuel molecules
inductance
number of fuel molecules per unit volume
pressure .
universal gas constant
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radius
electrode spacing
temperature
equilibrium adiabatic flame temper@ure
initial mixture temperature
ignition lag
spark duration
btig velocity
gas Veloci@
voltage
mole fraction of fuel
fraction of molecules premnt in gas phase that

must react for flame to continue to propagate
thernd conductivity
reaction rate

Subscripts:
a air
dr droplet
min minimum
r rod
re in reaction zone
S’ sphere

FLAME QIJENCHII’JG

Before discussing flammability and ignition, it is desirable
to consider flame quenching. This phenomenon affects the
process of flame propagation, with which flammability is
concerned, and also that of ignition. The effects of quench-
ing must eitherbe accounted for or eliminated in the measure-
ment of limits of flamiability and of ignition energies, if
memingful interpretations of the data are to be made. In
older literature, the importance of flame quenclkg was not
understood, with the result that many misleading concltions
were reached.

k stated in the INTBODUmION, quenching may be
observed when a Bunsen flame is allowed to flash back into
the burner tube. This fact serves as the basis for a standard
means of measuring quenching distance. A flame is estab-’
lided on the burner port, and the mixture flow is then
suddenly stopped. If the fl,ameflashes back and prcpagatea
down the burner tube, a smaller one is substituted until the
tube will just permit the flame to propagate. The diameter
of t,he tube is thus the quenching distanca for the given
fuel-oxidant mixture under the specified conditions of tem-
perature and pressure. k practice, a rectangular burner
with a continuously variable width is often used, to avoid
the frequent changes of tubes and to improve the precision
of the measurements. An alternative procedure is to employ
a fixed burner opening and to change one of the conditions,
such as pressure or mixture composition, until the condition
corresponding to the speciiied quenching distance is deter-
mined.

Quenching distancesmay be measured by entirely d.ifferant
means from the ones just described. This is possible be-
cause of the existence of quenching effects in measurements
of flammability and spark-ignition energies of fuel-oxidmt
mixtures. Before these aspects rye discussed, however,

some of the data on the effects of variables on straightforward
quenching-distance measurements will be presented.

ZFFE~ OFVAEL4BLE9ONFLAMEQUZNCEING

All the experiments described in this section were con-
ducted with homogeneous mixtures of gaseous or vapor fuel
and air or some other oxidant. In addition, all the quench-
ing distances were measured by means of the flashback of
burner flamea into quiescent mixtures.

Geometry of quenching surfaoe,-Reference 1 reports
quenching distances measured by eatabliehing a flame on a
burner and then suddenly stopping the mixture flow. Tho
flame either flashed back through the burner or was quenched
at the port, depending upon the size of the burner. VrLrious
cylindrical and rectangular tubes were used, and the fuels
were methane and propane in air at room temperature and
atmospheric pressure.

The criti@ tube diameters and critical &t openings for
flame propagation-that is, the quenching distances-wore
not the same. The critical diameters were larger than the
critical slit openings. A geometrical factor .B may be
defined as

B.d~: (1)
#

The data of reference 1 show that, for lean to stoichio-
metric mixtures, the average value of .B is 1.25 for methane-
air mixtures and 1.45 for propane-air mixtures, Reference 2
extended the study of geometry effects to include annuli
and rectangular slots of various length-to-width ratios. It
was found that a very small centerbody haa a large quench-
ing action in the annular case.

Hydrocarbon type,-Friedman and Johnston have meas-
ured the quenching distancea of mixtures of propane,
benzene, n-beptane, and isooctane in air by determiningg the
smallest opening of a rectangdar burner that will permit a
flame to flash back when the mixture flow is stopped (ref. 3).
The data are presented in figure 76, where quenching dis-
tance is plotted against percent stoichiometric fuel-air ratio.
The experiments were tied out at l-atmosphere pressure
and 212° F rimbient temperature.

Figure 76 shows that mixtures slightly richer than stoichio-
metric are able to propagate flame through the narrowost
channels. For lean and stoichiometric mixtures, the quench-
ing distances decrease in the following order: isooctane>
n-heptane>propane>benzene. Reference 3 notes that this
order is the same as the order of increasing burning velocitim
for the four cbmpounds. In the case of rich mixtures, thwe
are changes in the order of quenching distances, and it is
not certain that there is any simple relation with burning
valocity. Although in all casea the quenching distancea are
small under the conditions of the experiment, there are
considerable percentage differences horn fuel to fuel. For
example, the quenching distance of a stoichiometric mixture
of be~-ene in air at 1 atmosphere and 212° F is about 80
percent of that of a stoichiometric isooctane-air mixture.

Inert diluenti.-For his work on the effects of inert gases
on quenching, Friedman (ref. 4) used hydrogen aa the fuel
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nnd conducted the experiments at ambient pressure and
temperature. The inert gases used were helium, argon,
nitrogen, and carbon dioside. Nlixtures of hydrogen,
oxygen, and inert gas were prepnred with a quantity of tiert
gas such that the calculated flame temperature of the
stoichiometric mixture was 4244° F in all four cases. Some
of the data of reference 4 are shown in figure 77. The
figure shows that, for a given mixture, the quenching distance
decreases with the inert diluent used in the order helium>
mgon>nitrogen>c arbon dioxide; that is, the quenching
effect of the walls on the flame is greater if the diluent is
helium thrm if it is carbon dioxide.

Analogous results for hydrocarbon fuels were found in
reference 5 for methane and in reference 6 for propane.
Replacement of helium by argon in the “air” does not change
the equilibrium flame temperature or Composition, but the
quenching distance is nevertheless strongly dected. In
nll cases, the quenching distrmce is decreased when the inert
diluent decreases the coefficients of transport of heat and
mass. In other words, the flame is in effect more insulated
from the walls by argon than by helium.

The results for hydrogen in reference 4 were interpreted
on the basis of a thermal model of quenching, in which heat

F1amu 7&-Variatfon of quenching distance with hydrocarbon type.
Pressure, atmospheric; temperature, 212° F (by permission fmm
ref. 3).

is conducted away horn the flame by the malls. This
analysis indicated that the quenching should be proportional
to the factor

U;p
(2)

where Cflis the heat capacity per unit volume of unburned
gas. This parameter correlated the quenching-distance
data for various inert diluents in a satisfactory manner.
However, it is emphasized (ref. 4) that no conclusion could
be draw-n as to the true mechanism of quenching and that
difhsion of active particles to the walls might be important.
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FIQ&E 77.—Effects- of various inert gases on quenohing distance
(ref. 4).

A more complete theoretical discussionis given in reference
6. The theory, which will be described in more detail later,
avoids empirical terms such as the burning veloci~ that
appears in equation (2). It was hoped that a decision could
be reached as to the importance of loss of heat as opposed
to loss of active particles at the walls. The following table
compares the observed ratios of quenching distances at
atmospheric pressurefor propan~xygen-argon and propane-
oxygen-helium with ratios predicted by a “Mlonal” and
by a “thermal” theory:

StOichiometric. fuel-
osidant ratio,

percent

73.8 ---: -----------
loo-----------------
149-----------------

Observed

0.’35
.41
.44

Predioted
(thermal)

0.47
.48
.50

Predioted
(diffu-
sionrd)

0.67

%

The observed ratios are in better aggeementwith the thermal
than with the dif?usional values. Reference 6 points out,
however, that conclusive proof is still lacking, because the
theories are actually quite approximate.

4691-*19
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Temperature,-Frie(bnan and Johnston (ref. 7) have
studied the effects of temperature on quenching distance.
licreased tmuperature decreases the quenching distance;
that is, the flame is able “to pass through smaller
openings. The results shown in figure i’8(a) for propane-air
mixtures at about l-atmosphere pressure are consistent with
the general observation that cheriical reactions are pro-
moted by increase in temperature. The magnitude of the
temperature effect varies with mixture composition. For
rich and stoicbiometric propane-air mixtures, quenching
distance is approximately proportional to the –0.5 power
of the absolute temperature; while for lean mixtures the
exponent increasea. .

Pressure,-Friedman and Johnston have also studied the
effects of prcsaure on the quenching distances of propane-air
flames (ref. 7) and of benzene-, n-heptane-, and isooctaneair
flames (ref. 3). A rectangular burner was employed, as
previously described. Some of the data of reference 7 me
presented in figure 78(b). Quenching distance increases as
pressure decreases; that is, the quenching effect of the -walls
on the flames becomes greater when the pressure is reduced.

A logarithmic cross plot of the data of figure 78(b) for
several propane concentrations is shown in figure 79. Straight
lines result, so that the pressure-dependence of the quenching
distance ia of the form

41tl=P-’ ~(3)

Reference 7 gave the value of the exponent b for the pro-
pane cmcentration corresponding to the minimum quOnching

(a) EffeOtof temperature. Premure, 29.02 inoheaof mercury absolute.

distanceas 0.91.

AERONAUTICS

Reference 3 subsequently show-eel thwt the
prw~ependauce of the minimu- queriching didmnccs of
benzene-, n-heptan~, and isooctane-air flamea is ahnost
identical to that of propane-air flames. Therefore, it appems
that, as a rough approximation for hydrocarbons burning
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Fmunn 78.—Effeot of temperature and premum on quenching@et-ante of propane-air flames (by pennkion from ref. 7).
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In tlm cam of propme-nir mixtures, how-ever, the value of the
exponent of the pressure is slightly dependent on the propane
concentration und increaseafrom lean to rich mixtures. The
effect was noted in reference 8, using the data of reference 7,
rmd also in reference 9. The following table shows the vari-
ation of the pressuredependence of quenching distance of
propane-air flames with fuel concentration:

StoioMometrio

k

Negative
fuel-air ratio, exponent of

percent presmre, b

74------------- 0.83
74------------- .85
8L3------------- : ~
87-------------

1oo------------- .:
1oo-------------
;~------------- “ :91

------------- 95
149------------- :98

~usingmtaofref.7.

The variations in fi shown by tti table do not appear very
large, but, as can be seen in figure 79, they are quite apparent
in a logarithmic plot of quenching distance against pressure.

Oxygen aonoentration.-Reference 9 describes the effects
of pressure on the quenching distances of flamea in various
propane+xygen-nkrogen systems. The measurements were
made with a variable-width rectangular burner over a pres-
sure range from 2.99 to 29.92 inches of mcmmry absolute.
I?ivo oxidant atmospheres were used, containing 17, 21, 30,
50, rmd 70 percent oqgen by volume. The effects of pres-
sure on the quenching distances of flames in any given oxidant
were very similar to those described in the preceding section.
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FIcmra 79,—Pressure-dependence of quenctig distance of
propane-air 8ame3 (ref. 7).
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FIGURE80.—Effect of oxygen concentration in oxidant on quenobing
distanccxs of fstoichiometila propane-osygen-nitrogen mktures
(ref. 9).

At any given pressure and percent stoichiometric propane,
the quenching distance decreased as the oxygen concentration
of the oxidant increased. The effects are shown graphically
in figure 80, where data for stoichiometric mixtures and two
pressuresare presented. The decrease in quenchhg distance
with increase in the amount of o~gen in the oxidant atmos-
phere is very rapid up to about 25 percent o~gen (air=21
percent) and then becomes more gradual.

DEADSPACE

When a flame is adjacent to a surface, the luminous zone
dose not extend complei%ly to the surface. There is a region,
the width of which depends on th-e experimental conditions,
where the reactions appear to be quenched by the wall.
The distance from the end of the luminous zone to the wall
is called dead space. The dead space may easilybe observed,
for example, by sighti@ across the top of a Bunsen burner;
the baae of the flame cone is situated a small distance above
the burner port. Thus, it is evident that the wall quenches
the flame reactions in the gas adjacent to it. It is therefore
logied to considw dead space in connection with a discus-
sion of quenching distance.

It might at first appear that, if the dead space associated
with a flame propagating through a rectangular duct were
measured, the dead space should be equal to half the quench-
ing distance under the same conditions. This interpreta-
tion is based on the idea that the quenching distance corre-
sponds to a situation in which- the flame has zero width
because of the merging of the dead spaca associated with
two wwlls when the walk are brought sufficiently close
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together. The fact is, however, that the quenching dis-
tanca is considerably larger than twice the dead space (ref.
10). Part of the difference may be attributed to the fact
that the measurement of dead space is complicated by
uncertainty as to the boundary of the flame. For example,
in visual measurements, the boundary is chosen as the
farthest extent of the luminous flame zone; on the other
hand, if photographs are taken, the boundary will almost
certairdy appear to be in a somewhat different position
because of the differences in sensitivity between the optical
systems of the camera and of the human eye.

Aside. from these experimental uncertainties, however, it
is still reasonable that the quenching distance between
parallel walls should not be equal to tmice the dead space
associated with orie wall, because the same flame is not
observed in the two cases. The dead space is associated
with a propagating flame, while the quenching distance, by
definition, is the smdl~t opening that will just permit a
flame to propagate, or, equivalently, the opening that will
just prevent propagation. Furthermore, it has been ob-
served in connection with the measurement of quenching
distamws in circular tubes that above the critical diameter
the flame appe~ to fill the cross section of the tube; at
the quenching condition, the flame is extinguished at the
mouth of the tube (ref. 8). In other words, there does not
appear to be any marked diminution in the size of the
flame as the quenching condition is approached.

Thus, the dead space is ~ characteristic distance associated
with a flame; it arises through the quenching action of the
walls, but it is not equivalent to the quenching distance.

There have not been many experimental studies of dead
space. Reference 10 summarizes the work. Qualitatively,
dend space varies with fuel concentration and with pressure
in much the same way as does quenching distance. For
example, the minimum dend space occurs in butane-air mix-
tures that are slightly richer than stoichiometric and increases
as the pressure is decreased (ref. 10).

HOK1OGENEOUSQUENCHING

The discussion of quenching has heretofore been concerned
with the effects of walls on the flame. The effects must
occur bemuse the walls absorb heat or free-radical chain
carriem of the flame renctions, one or both of which must be
transferred ahead of the flame to the unburned gas in suKi-
cient quantity if the flame is to continue propagating (see
ch. IV). These considerations suggest the possibility ,that
n flame might be quenched by the combustible gas itself.
Such homogeneous quenching might occur, for example,
with a flame propagating in a turbulent mixture. If the
turbulent intensity -weresufficiently high, the dilution of the
flame zone with cold unburned gas might overwhelm the
transfer of heat and chain carriers from the burning zone to
the surrounding fresh gas, and the flame would then be
extinguished.

The situation described has received only limited mperi-
mental attention. In one article concerning this phenom-
enon (ref. 11), the spread of flame from a nucleus in a flowing
turbulent stream through a tube was studied. The turbu-
lence was pipe turbulence, and the mixture of propane and

air was periodically ignited by w spark across the full wicllb
of flow. Inasmuch as there was no fhmeholder, the fhwne
tiaveled downstmrun with the flow and was observed strobo-
scopically. At the limits of flame propagation, the mkture
was ignited at the spark, but the flame nucleus decreased in
size and was finally cwtinguished as it tmveraed the tCSL
section. The range of propane concentrations over which
propagating flames were obtained was determined for flow
‘velocities up to 250 feet per second. Typical curves, ob-
tained at a static pressure of 30.7 inches of mercury ubsolut e,
are shown in figure 81, where the concentration rango of
propagation is seen to narrow with incensing flow velocity.
The lean limit of flame propagation changes less mpiclly
than the rich limit when the datu me plotted in hms of
percent stoichiometric, and the two limits tend to converge
on the stoichiometric propane concentmtion. A Roynolcls
number of 2000 in th~e teats cch-responcled to a flow velocity
of about 12 feet per second; therefore, the dato apply to @o
turbulent regime. in one series of cxperinmnts, a scrccn
was inserted upstream of the spark; this reduced tho turbu-
lent s@e but had no appreciable effect on tho mngo of
mixtures capable of propagating flame &t a given vcdociLy,
Reference 11 offers no conclusive explanation of the belmvior
of the lean-limit curve at flow velocities less than 50 f ocL pw
second.

Inasmuch as the turbulence intensi~ increases wiLh in-
creasing flow velocity, the experiments indicate thut the iclen
of homogeneous quenching by dilution with o combustible
mixture may have some physical reality. Referenco 11
sugg~ti this mechanism to explain curves similar to thoso
of figure 81.

Gas-phase quenching is also reported in references 12
and 13. Small flame kernels were photographed as they
expanded hm spark electrodes in a free turbulent jet.
The turbulence was induced by grids. Nonisotropic fields
just downstream of sui%ciently lmge grids increasocl tho rnto
of kernel growth; the flow property thtmght responsible WM
the magnitude of the velocity-gradients met by the eqmncliug
flame. How-ever, further increase in the gradimts quenchccl
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FIGUEE81.—Effeot of flow velocity on limits of fhmo propag~tlon
in propane-air mixtures. Statio pressure, 30.7 inches of mer-
cury absolute (ref. 11).
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the flame, indicating an optimum gidient for flame spreading.

INTERPRETATIONSOFWALLQUENCEING

In order to interpret the observed ability of walls to quench
flames in terms of fundamental processes, it,is neceswwy tit
to decide upon the mechrmism by which a flame is presumed
to propagate, and then to cwamine the influenee of the
prescnco Qf wrdls upon this mechanism. Inasmuch ‘as a
flame. is a zone of intense chemical reaction accompanied by
the evolution of heat and the formation of new products
from the reacting fuel and air, there exist steep gradients of
temperature and concentration from the flame to the unburned
gas,

It is possible to set up differential equations that govern
the flow of heat and of various molecular species that must
occur M a result of these gradients. In order to use the
equations and to obtain solutions by ordinary means, how-
ever, it is necessary to make certain assumptions. This
nmttor is discussed in chapter l_V. At this point, it may
suffice to say that, although both heat and matter must
flow from the flame because of the gradients that exist, and
tilthough the transfer of both heat and matter are probably
essential features of the basic mechanism of flame propaga-
tion, in the past one or the other of these two types of transfer
hns been chosen as most important. In other words, in
order to moke the basic Merential equations amenable to
solution in closed form, it has sometimes been asaumed that
the, transfer of heat from the flame to the unburned gas is
tlm most important process in flame propagation imd that
the diffusion of matter is much less important. Ii other
cases, the opposite point of view has peen adopted. In
either case, the assumption made can be justified in various
ways.

As a result of the considerations discussed, two schools
of thought have arisen concerning the most important
mechrmism responsible for flame propagation. One empha-
sizes the importance of heat conduction from the hot to the
cold gas, since it is known that chemical reactions can be
stinted and accelerated by an increase in temperature. The

. other stresses the importmce of the diilusion of certain
active particles (free radicals and atoms) lmown to be
produced in flames; because of their highly reactive and
energetic nature, these active particles are supposed to be
able to initiate chemical reactions in the cold gas. Actually,
as stated previously, both features may be importmt.

Thus, interpretations of the quenching effect start with
the assumption of one of these tmo pro~es as the more
important one and then identify the walls as a sink for either
heat or active partielea. On the basis of these models, the
flame is quenched if the walls abstract more than some
critical amount of heat or active particles. The resulting
interpretations may” be described as either thermal or
diffusionrd interpretations.

Actually, the distinction is not always as clear as might
be inferred. l?or example, references 4 and 14 present
interpretations of quenching distance that are based on heat
transfer to the cold walls; but in both cases the equations
involve the experimental burning velocity of the mixture
(see ch. IV’). Consequentlyj there is the po~ibility that, if
the burning velocity depends upon ditlusion of active par-
ticles, these quenching theories are not uniquely thermal.

The theory developed in reference 4 was used, as described,
to correlate data on the effects of various inert diluents on
the quenching distances of hydrogen-oxygen-diluent mix-
tures. The correlating parameter (eq. (2)) was quite
suceeasful; it has not been applied to other types of quenching
data.

The theory of reference 14 is based on the combustion-wave
theory of Lewis and von Elbe (ref. 5) and has been applied
to qubnching distances of metheme-wrygen-nitrogen mixtures
at atmospheric pressure. With the use of an experimental
burning velocity, it is possible to solve the equations to
obtain an estimate of the absolute value of the quenching
distance of a mixture. In referenc~ 14, these calculations
are made and the results compared with ~erimental
values. Quenching by tubes and by rectangular burnem
was considered. Some of the results are reproduced in the
following table:

Misture, percent by volume

Motllnne ------------------------------
;; %

:z~g:i---::::::::::::::::::::::::::::: o

Criticnl slit openings, d.lit

.Z i ‘in “~ is k !: i i i

Es erimental ------------------------ 0.086 .
Ca~ulatid --------------------------- .086 .039 :019 :033 :09 :14 .:17 :056 :038 :039
Percent deviation ---------------------

Critical diumetem, dttib,
Ilk erimentd ------------------------- O.118
C~oulated ---------------------------
Percent deviation ---------------------

B.d~

E. ‘erimentil ------------------------ 1.37 . . . .
C%oulnkd --------------------------- 2.21

~’c~s; data show that the theory of referenee 14 is capable of predicting reasonably well the observed values of dta~,,d,li~,
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In contrast to the two thermal treatments of quenching
dwcribed, reference 8 presents a diffusional interpretation
based on the destruction of active particles at the wall. It
was assumed that the diflusion of active particles ahead
of the flame, where they react with fuel molecules, is re-
sponsible for flame propagation, and-that, when the flame is
near a wall, a certain proportion of the active particle9 is lost
by co~lon with the siwface. On this basis, it was possible
to setup a balance between the number of collisions of active
particles and fuel molecules required to propagate the flame
and the number of active particles lost by difEusion to the
wall. The important active particles were assumed to be
the light, rapidly di.thsiig species H, O, and OH. The
quenching distances for lean to stoichiometric mixtures could
be calculated from the resulting equations with surprisingly
good ~CC~Cy. Separate equatiom” were developed for
two cases:

(1) The critical diameter for flame propagation in a
cylindrical tube:

where d~u~~is the Crnticd tube diameter for propagation
in a given fuel-air mixture at a particular pressure; and W,
po, and p= are the equilibrium partial pressures of H, O,
and OH in flame.

(2) The minimum width of the opening for propagation
through a rectangular slit:

Equations (5) and (6) were used to make absolute calcda-
tions of quenching cMmnce9 for propan-air mixhms o$er a
range of concentrations from lean to stcichiometric and pres-
sures less than 1 atmosphere, and for stoichiometric ethene-
n.ir and isooctane-air mixtures in a similar pressure range
(ref. 8). All quantities in the equations were calculated or
estimated, except the constants %.I and k=,. It was found
that tmolcould be approximated by ,the lean concentration
~t of flammability measured at atmospheric pressure,
and that a suitable value of ku could be derived from burning-
velocity data. These constants have speciiic values for a
given fuel and oxidant; therefore, ~a separate experimental
value for the calculation of quenching distance at each ccn-
dition is not required. It will be recalled that the theory
of reference 14 requires a vrdu~ of the burning velocity for
each ccndition at which an absolute calculation of quenching
distante is made. The agreement between observed and
calculated quenching distances shown in reference 8 was
quite striking, with an average ditTerenceof +3 percent.
The agreement was probably in some degree fortuitous,
depending in part on the choice of the diffusion codhients
and the choice of the temperaturedependence of the Wlusion
coefficients.

However, equations (5) and (6) may be used to correlata
quenching-distance data if the ratio %o@a, is left as an

undetermined constazit. This was done in referonco 8, and
also in reference 9, where the%lects of pressure, propane
concentration, and oxygen concentration in the oxidant
were correlated. Reference’ 9 found that the choice of
ditlusion coefficients and temperature-dependence did not
ailect the result. Reference 16, however, analyzed all tho
available types of propane quenching data, including those
that show the effects of initial temperature (rof. 7), and
concluded that there is a slight influence of the choice of
Wlusion ccficients and their temperature-depondonco.
Reference 15 also presented quenching equations for the
cases in which there is’ chain breaking and branching in the
gas phase and in whi~ there is not tctal destruction of
active particles at the walls; evidence was shown that them
factors need not be considered in correlating propane quench-
ing data.

& a straightforward result of the boundary conditions,
the diffusional treatment predicts the following value for
the geometxicd factor B:

oB=*= ~ ‘=1.64 (7)
1

This result is in agreement with experiment. Reference 2
extends the ideas and shows how to calculate the goomdricrd
factors for annuli, equilateral triangles, ellipses, and rec-
tangular slots of various length-to-width ratios. QucnchiIIg
data obtained for some of the geometries correspond vmy
well to predicted behavior. One striking result of both
theory and experiment is that a very small annular conter-
body may have a severe quenching effect.

Using the d.iifusionaltreatment of reference 8 as a basis,
referace 16 presents a thermal equation for quenching dis-
tance. The equation was derived by changing the first
assumption of reference 8—namely, that in order for a flame
tc propagate the number of reaction events per unit volume
that occur in the gas ahead of the flame must bo above somo
minimum value. The authors of reference 16 aasumed in-
stead that the necessary number of reaction events is a con-
stant fiction F of the total number of events pm unit
volume that normally occur during pasaage of a flame. The
following equation was obtained:

(8)

where @is a dimensionless factor, the value of which depends
only on the geometry of the quenching surface and is the
same as for the diffusional treatment, and Cp,,, is the hoot
capaci~ of the mixture in the reaction zcne. The important
feature of equation (8) is that the form of the reaction-rote
term u need not be speciiied. ‘hvo specific forms of rate-
contrclling reactions were tested in reference 16: (1) reaction
between active particlw and fuel molecules, and (2) renction
between oxygen molecules and fuel molecules.

NTOW,the diilusional equations of reference 8 do not como-
late quenchiag data for mixtures much richer than stoichio-
metric. But the thermal equation (8), with assumption ( )
as to the rate-controlling reaction, does correlate both lean
and rich data. I?rom this standpoint, equation (8) is very
useful, and is an improvement on the equations of refemnco
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S. However, in the work on effects of diluent.s’(ref. 6),the
best qg-reement between observed and predicted ratios of
quenching distances was obtained with the thermal equation
plus the assumption that the reaction of active particles and
fuel is rate-controlling.

Thus, no completely satisfactory single treatment of
quenching distance has yet been advanced. References 8
rmd 16 provide useful equations, and the conditions for which
they apply have l)een described. However, all the analyses
of flame quenching have not answered the important basic
question: Does hydrocarbon flame propagation depend
mainly on mass or heat transfer? In view of the partkd
success of both ideas, it is probably true that both mecha-
nisms are important.

QUENCHINGINFLAhlklABIIXIYANDSPARK-IGNITION~MUBEMBN~

It was stated at the beghming of the discussion of quench-
ing that measurements of flammability and spark-ignition
enmgy maybe affected by quenching. Therefore, it is some-
times possible to determine quenching distances from such
measurements. The way these effects appear will now be
shown briefly.

Flammability measurements.-The concentration limits
of flammability are, if measured properly, hue physico-
chemicrd constants for each fuel. Limits of this type are
discussed in the next main section. Determination of these
liit.s has genarally been limited to work at atmospheric

FIGURE82.—Effeot of tube diameter on Iow-pmsure limits of
!lame propagation (ref. 8). ‘

pressure. However, some work has been done at lower
pressures. Most of the observations at reduced pressures
indicate that the lean and rich limits of homogeneous mix-
tures progressively converge and finally meet at some pres-
sure below which no flame will propagate. Most of the older
literature on low-pressure limits should be regarded critically.
Inmost cases, insu.flicientcognizance was taken of the effects
of the size of the test vessel and the need for a powerful
ignition source. Thusj” many of the limits recorded are
actually ignition limits for the particular source used, or
are the remilt of quenching by the walls. For example, it
was believed that mixtures of ordinary hydrocarbon fuels
in air could not sustain flame propagation below a pressure
of about 1.2 inches mercury; it is now lmow-nthat this mini-
mum pressure is actually set by quenching due to the walls
of the usual %.nch-dkuneter tubes used in the experiments.
The minimum prwsure is lowered if larger tubes are used.
Another d.itlicultyin measuring limits at pressuresother than
atmospheric is the need k maintkin the pressure constant
during the propagation of the flame.

Recent work has avoided these difficulties and has clarified
the mean@g of the limits at reduced pressures (ref. 8). Care
was taken to eliminate any efEectsof the ignition source,
and the flame tubes were connected to a large plenum so
that the flames phpagated at essentially constant pressure.
The limits were measured for homogeneous f ml-air mixtur=
in flame tubes of several dirurnetem. Typical rmults for
propane-air are shown in figure 82 (from ref. 8). The lean-
limit concentration is lower for the larger tubes, as is the
minimum pressure for flame -propagation. The rich limit,
although not shown in @ure 82, also increnses with increas-
ing tube diameter. Therefore, the flammable range at a
gi~en pressure is wider for the larger tubes.

.

Il. klx ol\l P~ne in air,
percent by wJurne

II I I I \14.031 l\ I

I 4
Mixlur~ pressure, im I@ obs

6 8

FIQUEES3.-Relation of quenobing distance and Iow-prwsure limits
of 13amepropagation.
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Since the diameter of the flame tube ailects the results,
it is evident that these limits are -not true flammabili~
limits; that is, they axe not physico-chemicd constants
of the fuel. They are better termed limits of flame propa-
gation at reduced pressures. The behavior of the data
suggests that the limits are set by quenching action of the
tube walls; and, in order to test this idea, logarithmic cross
plots of the data of figure 82 were ~de at constant propane
concentrations on the lean side of stoichiometric (fig. 83).

Friedman and Johnston (ref. 7) measured quenching dis-
tances for propaneair flames in terms of the dtical width
of rLrectrmgularslit that would allow flashback of a Bunsen
flame when the mixture flo~ vras reduced. Some of their
data are also shown in figure 83; the critical slit widths are
multiplied by an empirical factor of 1.4 to account for the
geometrical differences between the experiments. Figure-
S3 shows that the two types of data nearly coincide. There-
fore, it is concluded that the measured pressure limit of
flame propagation of a given mixture in a tube of a partic-
ular size is actually a measurement of the critied diameter,
or quenching distance, for flame propagation in.the mixture
at the pressure of the limit (ref. S).

I 1 tI 1 I I
Electrqle cordigurution

1 1 1
146” I I
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FIQunn 84.-Effect of~varying spark-gap length on minimum apark-
igni~ion energy of 8.6 percent by volume mixture of natural ~
and- air. Capacitance spark; prwcure, atmospheric; temperature,
77° F (ref. 17).

60

i

1

-

1’
$50
0

=
.+ I
E

\

j

1Electrode - -— –

>.
0 0 0.1875 -inrcd

~40 ❑ ,025-in. rod - --–~

e ‘3 .025-in needfe
II

s
.
.—.-= \

c
m
~30 ~ \
0 I
a
.

\ 1
E

-.
\

z \

= 20 \
= ~ o

Y

L li! 1
I02 :1 L.–1

.3 .4 .5 .6 .7 ,8
Electrode spocirq, s, irL

FIGURE85.—Effect of eleotrode configuration and olootrodo spaoing
on minimum epark-ignition energy of flowing 5.2 porcont by
volume mis%ure of propane in air.. Long-duration (600 raiorosoc)
capacitance spark; pressure, 3 inches of mercury absoluta; tem-
perature, 80° F (ref. 18).

Spark-ignition-eriergy measurements. —Spark-ignition
energy is measured by determining the minimum amount of
energy that must be dissipated in the gap between two
electrodes in order to produce a flame. For a given temper-
ature, pressure, and fuel-air mixture, this energy dopcnds
upon the length of the gap (refs. 17 and 1S). Typical re-
sults are shown in figure S4 for natural gas at l-atmosphere
pressure and in figure S5 for propane at 3 inches of merculy
absolute. It shoult be noted that, regardless of tho elec-
trode geometry, the curves converge at somo minimum
ignition energy as the dectrode gap is incrensed from low
values. The most striking curve is the one shown in hguro
S4 for flanged electrodes. The minimum spark-ignition
energy increases with extreme rapidity if the electrodes
are closer than about 0.0S inch. In other words, the flangccl
electrodes have the eflect of suppressing ignition altogether
if the gap is less than some critical width.

The function of the ignition spark is to supply the energy
required to initiate the chemical reactions of a self-
propagating flame. From the preceding discussion of vmll
quenching, it is evident that a fhune cannot propagat o
through the gap formed by the flanged electrodes if the
distance is less than the quenching distance. Consequently,
if the gap is less than the quenching distance, the mixturo
cannot be ignited regardless of the amount of energy
supplied.

In the experiments with unfhmged electrodes, the quench-
&g distance is not *O well detied; increasing the energy
supplied to the gap overpowers the quenching effects, and m
propagating flame can be obtained. However, it is signifi-
cant that, in iigure S4, the start of the rising portion of tho
curve obtained with unflanged electrodes coincides with lho
quenching distance.
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Mixture pressure, in. Hg ats ‘-

FIGURE8&-Minimum quenching distance at variow preswres.
Propane in, air, approximately no-percent stoichiometric
(ref. 8).

Fimdly,- the quenching distance obtained from spark-
ignition experiments is the same or very nearly the same a9
that obtained by the usual means, that is, by determining
the critical slit opening for flashback of a Bunsen flame. It
is also the same as the critical diameter obtained horn low-
pressure limits of flame propagation, w described in the
preceding section, multiplied by a constant to acccnmt for
the geometrical differences in quenching effect by cylindrical

and plane-parallel surfaces. Data of all three types are
plotted in iigure 86, and the points conform very well to a
single Me (ref. 8).

Thus, the same quenching effects that have been studied
by means of flashback also extend to measurements of flam-
mability at reduced pressures and to measurements of spark-
ignition energy. Wall quenching is therefore an important
phenomenon at all stages of the combustion process and
must be considered if unambiguous interpretations of com-
bustion data are to be made.

FLAMMABILITY LIMITS

EFFECI%lOFVARIAB- ONFL~IklABIUTYU?dI’E9ATAThlOSPHRRIC
PR~URE

In the measurement of lean and rich concentration limits
of flammability it is neceswwy to eliminate all exterhal
eilects, so that the limit is a property only of the fuel at a
given temperature and pressure. Coward and Jones (ref. 19)
have critically reviewed the literature on flammability limits
and have recommended the experimental procedure that
will lead to the determination of true lihits.

As previously stated “in the deii.nition of flammable mk-
tures, the ignition source must not affect the rew.dts. If a
weak source is used, some mixturw may not inflame, espe-
cially if they are near the limit concentration, while a stronger
source would succeed in igniting them. The limits determined
with “the weak igniter would consequently not be limits of
flammability, but merely limits of ignitability for the par-
ticular source used. Thus, it is essential to use a strong
source, such as a spark several millimeters long or a small
naked flame.

In order to minimize quenching action by the walls, the

TABLE V.—FLAhfMABILITY LIMITS IN AIR AT ATMOSPHERIC PRESSURE AND ROOM TEMPERATURE (Ref. 19)

Lean limit Rioh limit

Fuel Fuel-sir Fuel-air
Volume ratio, per- volume ratio, per-
percont cent stil- peroent cent stOi-

chiometio chiometrio

-Paralllns
Methane ------------------------- 5.3 53.5 156
Propane -------------------------- ;: Ei5: .%. 5 251
Butane-------_ -_--_--________-:-_ as
Pentine -------------------------- 5a 2 7.8 %
Haane -------------------------- i; 55.2 7.5 368
Heptme ------------------------- 1.2 63.9
Ochne --------------------------- LO 60.3 -_-?-?-- ---:T:--

180paraffin8
2,2-Dimethylpropane -------------- 1.4 542 7.5 201
>Methylpen&ne ------------------ 55.2 7.0 &t2
2,2,4-Trimethylpentane ------------ :: 66. .3 -------- _--3i3--
2,2,3,3-Tetramethylpentrme--------- .8 53.9 49

Olefins
Ethene --------------------------- 3.1 45.8 32 676
Propane -------------------------- 24 528 10.3 247
l-Butene ------------------------- L6 46.8 9.3 294

Aromatioe
Bemene -------------------------- L4 50.9 7.1 275
Volume -------------------------- L4
Ethylbemene ---------------------

6L 1 -------- --------
1.0 50.7 -------- --------

L
4001045+20

I
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vessel in which the flame is observed should be at least 2
inches in diameter for observations at atmospheric pressure.
It should also be long enough (4 ft) to allow the observer to
judge whether the mixture is tiuly capable of propagating a
flame indeiin.itily away from the ignition source. A glass
tube of these dimensions is a suitable vessel. The ignition
end of the tube should be open during the test to avoid a
change in pressure.

Finally, it is important to specify the direction of flame
propagation. Since it maybe stated as a rough approxima-
tion that a flame cannot propagate downward in a mixture
if the convection current it produces is faster than the speed
of the flame, the limits for upward propagation are usually
s~~htly wider than for downward or horizontal propagation.
The experimental results discussed are limited to those
obtained with upward propagation and subject to the pre-
cautions described, unless otherwise noted. In addition,
only concentration limits of flamiability at atmospheric
pressure are discussed; the effects of pressure are considered
in a subsequent section-.

Hydrocarbon type.—The flammability limits of various
hydrocarbon types in air at atmospheric pressure and room
temperature are listed in table V (ref. 19). For the com-
parison shown in this table, the limits sireexpressed in terms
of the percent of stoichiometic fuel-air ratio (by weight).

Although the results of table V indicate no sag edlects
of hydrocarbon type (above propane and propene) on the
lean flammabfity limits, considerable variation among the
rich limits is apparent. Among the saturated compounds
(normal and isopara.flhs), the rich limit tends to increase
with molecular weight. Since the lean limits are about
the same for all the fuels, the range of flammability increases
with molecular weight. Ranges of flammability calculated
from the data of table V are plotted to show this increase
graphically in figure 87. A more complete set of data
(ref. 20) indicates that the flammable range for normal
parafiim passea through a mxmimum at n-heptane and de-
creasea to ndecane. Howe%r, these data (ref. 20) are less
accurate than those of table V because the -work was done
at reduced pressures, and extrapolations must be made to
estimate the limits at l-atmosphere pressure. In spite of
these extrapolations, it is believed that the proper trends are
indicated.

The branched-chain hydrowrbons (iioparafiins) have
somewhat smrdlerflammable ranges than the corresponding
straighkhain fuels (fig. 87).

Among the three monooleihe listed in table V, ethene
stands out because of its extremely wide range of flamma-
bility (45.8 to 676 percent stoichiometric). The results for
propene and l-but~e are similar to those for the correspond-
ing saturated -mmpounds. Figure 87 emphasizes the anoma-
10USnature of ethene. An extension of the curve for olefins,
by means of the data of reference 20, would show that the
flammable range increasearapidly from propene to l-hexene,
and then leds off through ldecene.

FIGUEE87.—Effect of hydrocarbon type on flammable rango of pum
fuels (ref. 19).
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TABLE VI.—TYPICAL DISTILLATION DATA FOR AIRCRAIT FUELS (Ref. 21)

ASTM diatillntion Ds6-52, percent
evaporated

F

ANi;~

Initicd poet -------------------------- 105
lo------------------------------- 144
do------------------------------- 162
do------------------------------- 178
do------------------------------- 191
do------------------------------- 202
DO------------------------------- 210
do------------------------------- 219
DO------------------------------- 225
do------------------------------- 236

End petit ---------------------------- - 299

Temperature, “F

MJGF–
5616, JP-1

338
362
366
369
373
377
381
387
393
404

MIL-F-5624A

JI-3 JP-4
I

113 I 148
169 218
198 256
218 288

319
2: 349
270 378
293 409
324

475
%! 561

289

The (lata for aromatic compounds are incomplete. The the methods described in reference 20, with the following.
flamnmble range for benzene ~smdler than that for asix-
cmbon-ato mbrrmched-chain fuel.

The flammabilitylimits forcycloparailins arenotincluded
in table V, but reference 19 shows them to be very similar
to thelimitso fnormalpamdhns -iviththe wunenumberof
cmbon atoms.

Petroleum fuels,-The discussion thus farhasbem con-
cerned with the flammability limits of pure hydrocarbons.
On tho other hand, practical aircraft fuels are complex mix-
turcsof many hydrocarbons, eachwith itsownt%ect on the
limits of the mixed fuel. The limits of such fuels, however,
nmy be mensured in the manner previously described, if the
tippmztus is maintained at a temperature high enough to
keep rdl constituents in the vapor phase.

Inspection of the data in table VI (ref. 21) shows that, in
order to obtain a consistent set of. flammability limits for
the four fuels, the limits of all would have to be determ@d
at a rather high temperature. Perhaps the closest approach
to the required conditions is found in experiments reported
in reference 22. The limits determined at 300,0 1? and at-
mospheric pressure for three fuels are listed in table ~.
The data of reference 22 were reported only in terms of
fuel-air ratios; in order to exprwa the limits in volume-
pereent fuel vapor in air, it was necessary to estimate some
nvernge molecular weight for each fuel. This was done by

TABLE VII.-FLAMMABIL1TY LIMITS OF AIRGRAIYC FUELS
AT 300° F

Fuel

100/130 gnsoline---------
m-1------------------.
W-3------------------.

Flammability limits

I
Fuel-air ratio ‘ Volume percent b

Lam Rich Lean Rich

0.041 0.27 1.17 7.27
.037 .31 .71 6.65
.037 .30 .93 7.08

results: average molecular weight of 100/130 grade gasoline;
100; JP-1, 150; Jl?-3, 114. kmm.ing that the fuels are
mainly composed of pardlin hydrocarbons, these molecilm
weights correspond approximately to heptanej decane, and
octane, respectively. The limits for these compounds (table
V) compare fairly well with the limits in table VII, consider-
ing the approximations and the di&ences in temperature
involved. It sedmsdefinite, from these and other data, that
the flammable range of aircraft fuels completely vaporized
and mixed with air is about 1 to 7 percent. by volume.

If multicomponent liquid fuels are not completely vapori-
zed, quite d.iilerentresults may be obtained. Thus, if the
tests are carried out at low temperatures and only part of
the liquid sample is vaporized, the vapors w-Wbe composed
mainly of the lower-boiling constituents. Mixtures of these
vapors with air may be prepaxed and the limits determined
in the manner previously described. Both lean and rich
limits should lie at higher concentrations (volume percent)
than if the entire sample -werevaporized, because the limits
of the lighter hydrocarbons behave in this manner (tabla
V). This expectation is verified by experiment; the lower the
temperature (and, hence, the smalkr the fraction of liquid
fuel that serves ak the SourcF-of vapor for making fuel-air
mixtures), the higher the concentrations of the limits (ref. 22).

It is evident that the history of an aircraft fuel has an
effect on its limits of flammability. For example, a fuel
containing quantities of volatile hydrocarbons may be
stored under conditions that permit their gradual mcape,
and the limits will be more and more controlled by the heavier
compounds. Consequently, it is dif3icult to predict the
flammability of a given sample, and even more dMicult to
obtain reproducible results if the supply, of fuel vapor is
obtained from, for example, the fit 10 percent of the liquid
to evaporate.

The preceding discussion refem to unsaturated vapor-air
mixtures. If a lic@d fuel and its vapom are allowed to come
to equilibrium in a volume of air, so that the air is saturated
at the given temperature, the temperature itself sets the lean

,
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and rich limits. I?or example, grade 100/130 gasoline and
W-3 jet fuel have such high equilibrium vapor pressures
at a temperature of about 78° F that saturated vapor-air
mixtures are beyond the rich limit and are therefore non-
flammable. b the temperature is lowered, however, a
point will be reached on the vapor-pressure curve of the
fuel that componds to the concentration of fuel in air
at the rich limit. With still further reduction in temperature,
the saturated mixtures will be flammable until a temperature
is reached that corresponds to the wapor concentration for
the lean limit. The two temperatures are referred to as the
rich and lean temperature limits of flwabfity (at a given
pressure). The range of temperatures corresponding to
flammable saturated mixtures is lower for volatile fuels,
such as 100/130 gasoline or JP-3, than for the less volatile
JP-1 or JI?4. The temperature limits are discussed in
reference 2L

It is not clear whether the temperature limits of flam-
mability of saturated mixtures have any application to
flowing mixtur~ of fuel droplets in air. It is perhaps con-
ceivable that a spray of fuel droplets might come to equi-
librium in the moving ah-streamif the turbulence level were
sufficiently high to effect very rapid heat transfer and mixing
of the vapor and air. Even if equilibrium were attained,
however, the situation would be complicated by the effects
of fuel droplets on the flammability of the vapor fuel-air
and fuel-droplet mixture, as well as by the effects of velocity
and turbulence.

Mists and sprays.—Relatively little work has been done
on the flammability of vapor fuel-air and liquid fuel mixtures.
There are obvious difficulties in measuring flammability lhh-
its in quiescent mixtures because of the need to prepare
reasonably stable mists, in which the droplets will not settle
out before the ability to sustain flame propagation can be
tested. In addition, it is necessary tQcharacterize the aver-
age droplet size, or else prepare mists of uniform droplets.

The observations of reference 23 show that there should be
some mists with limits about the same as for vaporized fuels.
In that investigation, kerosene droplets were fed into the ap-
proach streams of prefixed Bunsen flames. If the droplets
were small enough (9 to 30 microns in a butane-air mixture),
they were completely vaporized and disappeared before
reaching the inner cone. Larger droplets (of the order of 80
microns) completed evaporation definitely above the inner
cone. Referauce 23 also noted that, when the drops were
carried by a fast-burning acetylene-air mixture, conditions
were less favorable for vaporization, presumably because
of the higher gas velocity and narrower preheat zone of
the acetylene flame. Thus, a flame burning slowly enough,
through a mist of small enough droplets, may actually be
equivalent to a flame in a homogeneous vapor-air mixture.

This expectation of similarlimits for the right kind of mist
is borne out, for example, by reference 22 (p. 40). J3?-1
vapor-air mixtures were chilled to condense some of the fuel.
The average droplet size, measured @mediately after forma-
tion, was 10 microns at 32° F. Under these conditions, the
flammabfi$y limits were at fuel-air ratios of 0.043 ~= limit)
and 0.23 (rich limit). Considering the difference in tempera-
ture, the limits of J1-1 mists are similar to the limits of
JP–1 vapor-air mixtures at 300° F given in table VII (fuel-air

ratios, 0.037 and 0.31). -More specifically, an estimate of the
effect of the 268° F temperature difference on the limits,
based on the temperature effects on limits of homogeneous
mixtures (to be discumedin a subsequent section), shows that
the lean limit of the mist corresponds very closely to that of
the vapor. The rich limit of the mist, however, is at a lowwr
concentration than would be estimated’ from the data on
homogeneous mixtures.

The results of similar experiments (ref. 24) are presented
in table VIII. While drop sizes were not measured, they
must have been small to permit the formation of stable mists,
Lean limits are again in the region anticipated for hydrocm-
bon vapors, and richlimi~sareatsomewhatlowerfuel-airrolios
than are usually observed for heavy hydrocarbon vrLpors.
This behavior of the rich limits is perhaps not too surprising,
since the rich limit is more susceptible to slight effects, such
as direction of flame propagation (e. g., for hexane with up-
ward propagation, the rich limit is 0.242; with downward
propagation, the limit is 0.112 (ref. 19)). Reference 24 also
reports that the percentage of nitrogen or carbon dioxide
that must be added to air to render mists of cutting oil num-
ber 3 nofiammable are: nitrogen, 30 percent; carbon di-
oxide, 22 percent. These values are somewhat smaller than
the equivalent figures for hydrocarbon vapors (for n-heptrme,
the amounts required are: nitrogen, 42 percent; carbon di-
oxide, 29 p6rcent) and suggest that the combustion of mists
is more easily suppressed.

TABLE VIII.-LIL1I’I% OF FLA~~IABILITY OF OIL klIBTS
(Ref.24)

[Tubediam.,l%in.]

Fuel-airmtio
Fuel

Leanlimit Riohljmk

Cuttingoilno. l------------------ 0.033 0.118
Cuttingoilno. 2------------------ .043
Cuttingoifno. 2, distilledonce----- : ;::
Cuttingoilno. 3------------------ : %: ----”---
S~mquenoting ofi-------------- .035 .160
Di~elofl ------------------------ .038 --------

[

On the other hand, the spray flammability test of referenco
25 do= not ~dimtp tfi ~~enm. ~ this test, fuel was
introduced as a spray into a cylinder 2% inches in diameter
and 15 inches long, through which an oxygen-nitrogen mk-
ture wm flowing. The spray flammability limit was dofinod
by the minimum volume percent of oxygen for which ignition
took place. In table IX, spray flammability limits for a
number of hydrocarbons are listed, and minimum oxygen
concentrations for combustion of hydrocarbon vapors ore
also included for purposes of comparison. While the empiri-
cal nature of the spray flammability test is stressed, it is of
interest to note that these limits correspond closely to the
values for, hydrocarbon vapors. It is impossible to my
whether the higher limits for lubricating oils were real or
whether they were due to a failure of the spray to deliver
sufficient fuel to the ignition region of the apparatus when
more viscous oils were te9ted.

Recent work has cmtended and reiined the study of rnis~
flammability. In reference 26, uniform mists were prepared
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I?xourm SS.-Effect of droplet diameter on lean flammability limits
of uniform tetralin mists (ref. 26).

by condensing fuel vapor on nuclei supplied by vapo~g

sodium chloride tith a heating coil. ~arious uniform drop
sizes could be produced. Using tetralin as the fuel, nearly
monodisperse mists were produced in the size range 7 to 55
microns. The m.ixturea had to be kept moving, but the max-
imum speed was only about 3 centimeters per second in the
flammability-limit tube. The droplets did not aggregate
appreciably during flow through the tube. The mists
flowed downward and were ignited at the bottom, so that
flame propagation was upward.

Reference 26 showed that there is a complete change in the
nature of the flame between 7 and 65 microns. Figure 38 is

a plot of the lean limits of tetralin mists as a function of
droplet diameter. The limit for small droplets is at a fuel-air
ratio of 0.039, about the value expected for vapor-air mix-
tures. As the drops become larger, the lean limit decreases.
Over this range of sizes, ‘there is at the same time a continu-
ous change in flame nature; for the small drops the flanie has
every appearance of a gaseous lean-limit flame, but as the
drops become larger the flame is more and more composed
of discrete centers of btig around individual drops.

Reference 26 ,reports a few experiments with downward
propagation. Limits for this case could be measured accu-
rately only for the smallest drops. For 9-micron drops, the
upward limit was at a fuel-air ratio of 0.039, and the down-
ward limit at 0.044. This is the same order of difference as
observed for. gaseous lean limits.

Reference 26 also showed the effecti” of added nitrogen on
the lean limits for drops of 10, 19, and 45 microns diameter.
The results are shown’ in figure 89. There is a gradual in-
crease in lean limit up to the limiting nitrogen concentration,
followed by an abrupt rise. Note that more nitrogen is re-
quired to prevent flame propagation through mists of larger
drops. This indicates that the nitrogen extinction limit de-
pends on the value of the lean limit in air. It is interesting
to note that the oxygen concentration at the limit, for the
small drops already. shown to burn like a gaseous mixture,
is close to 12 percent, just as in other gaseous hydrocarbon
flamea (table IX).
In summary, from the information available, it seems clear
that flames can propagate in ~ures of vapor fuel-air and
liquid fuel at over-all fuel-air ratios similar to those found
for the limits of homogeneous vapor-air mixtures.

The observations that are sometimes made of burning at
extremely lean or rich over-all fuel-air ratios maybe a result
of the existence of regions in which the mixture is actually
within the flammable range; these regions may serve as
sources of piloting combustion.

Diluents .—As increasing amounts of an incombustible gas
or vapor are added to the atmosphere, the flammability limits
of a gaseous fuel in the atmosphere approach one another,
and fimdly meet. Inert diluents, such as carbon dioxide,
nitrogen, or argon, merely replace part of the oxygen in the
mixture; but they do not all have the same extinctive power.
The order of silbcy is the same as that of the heat capacities

TABLE IX-SPRAY FLAMMABILITY LIMITS COMPARED JVITH MINIMUM OXYGEN
CONCENTRATIONS FOR COMBUSTION OF HYDROCARBON VAYORS

IN OXYGEN-NITROGEN MIXTURES

‘} ~~~
spray Min. 02 oon-

flamnw centration
bilijy for fuel-

Fuel (liquid) Fuel (vapor) vapor com-

$?;!
bustiorqb

?!&:

Bewne ---------------------------- 12 Benzene ---------------- IL 2
*H~emne ----------------------- 12 Methane --------------- 121
Cmene ---------------------------- 12 Propane ---------------- lL 4
Aviation hydrmdio fluid AN-W-O- Pentane---------------- 121

366B ----------------------------- Hexane---------------- lL 9
Naval lubricating oil N. S. 2135 ------- z

.

●rtef. zs. b E& 19.
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FIGURE89.—Effect of nitrogen dilution on lean flammability limits
of tetmlin mists (ref. 26).

of these three gases: carbon dioxide> nitrogen> argon. For
exnmple, the minimum percentage of oqygen that ~ permit
flame propagation in mixtures of meth~e, .~, ~d ~bon
dioxide is 146 percent by volume; if nitrogen is the diluent,
more is required to reduce the o~gen to 12.1 percent; and,
in the case of argon, still more is needed to reduce the oxygen
to 9.S percent (ref. 19, p. 49).

Other types of diluent are far more effective than the inert
gases. Certain halogen-containing organic compounds, in
particular, have very powerful effec~. Fiwe 90 ~ a Plot
of the lean and rich limits of flammability of gasoline in

. atmospheres of air plus several diluents. The composition
given are volume percentages of the total mixture. Methyl
bromide and chlorobromomethane (ref. 27) are much more
effective extinguishantsthm nitrogen, eihaust gas, or carbon
dioxide (ref. 5, p. 764); that is”, smaller concentrations are
required, to prevent flame propagation ti ~Y ~e of
gasoline vapor and air. Refer-ti@s 28 and 29 contain
thorough discussions of this subject.

Since the halogenated compounds are iD an entirely
diilerent class of eflkq from the ofiei three gases shown in
figure 90, it is believed that they exert their extinctive action

by interfering with the chemical ractions of flame propaga-
tion, rather than by absorbing heat or diluting the mixture.

Figure 90 also shows that the rich limits are more sensitivo
to diluents than the lean limits. For example, as much as
15 percent added nitrogen has qo appreciable effect on the
lean side of the curve but reduces the rich limit from 7,4 to
5.4 volume-percent gasoline vapor.

Temperature.-In view of the accelerating effect of
increased temperature on chemical reactions, it is reasonable
to expect that the limits of flammability should be broadened
if the temperature is increased. That is, the lean limit
should lie at a lower concentration, and the rich limit wt a
higher one. This is experimentally found to be the case.
The limits change linearly with temperature. I?or example,

I 1 1 r I
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I \ 1

,.-Ghamt WS

82
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Fzmmm 90.—Effeot of diluents on flammability limits of gaaolino
(refs. 5 and 2~.
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tlm lean limit of n-pentrme decreased hm 1.53 volume per-
cent at room temperature to 1.22 percent at 570° l?, so that
tho lean limit decreased at a rate of about 6.1x10-4 volume
percent per 0 F. The rich limit increased at a higher rate,
rtpprosimately 17’x 10-i volume percent per 0 F (ref. 19, p.
63). These data were obtained with downward flame
propagation, but upward propagation leads to analogous
results (ref. 20). The figures quoted for n-pentane appear
to be. characteristic of other hydrocarbon fuels. Thus,
increases in the temperature of homogeneous hydrocmbon-
air mixtures produce widened limits of flammability; how-
ever, the effects are relatively small.

Velooity and turbulence.-Most of the flammability-limit
studies discussed previously have been concerned with
quiescent, homogeneous mixtures. liformation on the
flammability limits of flowing streams of mixture is of con-
siderable practical interest, but very few such observations
have. been made. It is known that mixtures may be circu-
lated slowly through a flame tube by means of a fan in an
external bypass without any effect on the limits (ref. 30).
This observation cannot be considered to apply to the fast
streams in high-speed combustom.

A flame burning, in a laminar stream cannot propagate
upstream against normal components of the flow velocity
greater than the laminar burning veloci~; in this sense, such
rLstream might be nonflammable. If the stream is turbu-
lent, the over-all burning rate is increased, as described in
chapter ~, and the flame maybe able to propagate. There-
fore, it appears that the effects of velocity in laminar streams
me of little practical value. The effects of turbulence and
of velocity in turbulent streams are the important ones,
because the flow in practical combnstom is invariably
turbulent and has a mean veloci~ greater than the laminar
burning velQcity.

Only a few experiments have been m~de to elucidate the
effects of turbulence on the limits. The lean limits of
methane and ethane are somewhat extended by a suitable
amount of turbulence produced by a fan or by stream
velocity; that is, flames will propagate in turbulent mixtpres
that are too lean to sustain propagation in the quiescent
condition (ref. 19). However, the turbulenm was. not
characterized; and, in the case of the mixtures stirred by a
fan, it is possible that tie turbulence-that is, completely
random disturbances-may not have existed. An opposite
effect was found for propane-air mixtures in a different
experiment. h this experiment, an axial rotor a9 long a9
the flame tube was rotated at various speeds. Above 850
rpm, the lenn limit was markedly nirrowed (ref. 31); no
attempt ma made to characterize the turbulence.

A more meaningful experiment is the” one described in
reference 11 and ‘hcussed previously in connection tith,
homogeneous quenching. k that case, the range of fuel
concentrations capable of propagating a flame was narrowed
by an increase inflow velocim. At flow velocities betwem 12
and 60 feet per second, however, the lean limit was extended.
In the experiment of reference 11, the flow disturbances were
due to pipe turbulence; it is believed that the fluctuations
were more likely to be random and thus constitute true
imrbulence than in experiments employing fans or rotors.

Reference 11 suggests that the narrowing of the limits with

increase in veloci~ may be due to the fact, that turbulent
intensity also iucreasq so that the flame zone is more
diluted with cold unburned mixture. However, a different
interpretation is also possible. Karlovitz has observed the
stability of turbulent burner flames stabilized on the burner
port by a small annular pilot flame (ref. 32). At sulii-
cientiy high flow velocities, broken-off flames were obtained
such that a flame burning in one part of the combustible mix-
ture would not propagate through the mixture. The situ-
ation ia roug~y similar to the experiment of reference 11.
The explanation given in reference 32 is that flame propaga-
tion is armted by the high veloci@- gradients across the
tlamefront.

It is not yet possible to draw deiinite conclusions about the
effecti of velocity and turbulence on the flammability limits.
Various observem have reported contradictory results; it
may b~- that a suitable type of turbulence broadens the
limits up to a certain level of turbulent intensities and nar-
rows the l@its at higher htensities. b view of the work of
reference 11, it is tentatively suggested that, in high-speed
combnstcm employing homogeneous fuel-air mixtures, the
flammable range of homogeneous mixtures is reduced by
increase in velocity and turbulence. It would, however, be
unsafe to apply this idea to heterogeneous mixtures.

EFFB~ OFVARIABLESONFLAMMABIIITYI..llllmATNONATBfOSPHEEIf3
PRESSURES

All the flammability limits discussed thus’far have been at
atmospheric pressure. h work has been carried out at
pressures above and below 1 atmosphere. The behavior of
the limits at elevated pressn.mais somewhat surprising and
haa not been completely explained. For the simple hydro-
carbons; ethane, propane, butane, and pentane, it appears
that the rich limits extend linearly with increasing pressq.re
at a rate of about 0.13 volume percent per atmosphere in-
creased preasnreabove atmospheric. The lean limits, on the
other hand, are at ii.rst extended slightly, but between 1.3
and 2.5 atmospheres they pass through a minimum concen-
tration and are thereafter narrowed as prwmre is increased
to 6 atmospheres (ref. 19, p. 56).

For flammability limits at reduced pressu.ms,most of me
older work indicated that the rich and lean limits co~~e
as the pressure is reduced until a pressure is reached below
which no flame can propagate (ref. 19, p. 3). However, as
pointed out in the discussion of qu~ching, it has been found
that this behavior is due to wall quenching by the tube in
which the experiments are conducted (ref. 8). Tha limits
are actually as wide at low pres.mre as at 1 atmosphere,
provided the tube is sutliciently wide, and provided an igni-
tion source can be found that will ignite the mixtures. For
example, recent work (ref. 33, p. 5), in which a 4-inch
tube -was used, has shown this to be true for gasoline vapor-
air mixtures down to pressures less than 1”inch of mercury,
Ckmsequently, the limits obtained at reduced pressures are
not generally true limits of flammability, since they are
influenced by the tube diameter and are therefore not
physicochemicd constants of a given fuel. These low-
pressure limits might better be termed limits of flame propa-
gation, and should be accompt-&ied by a specification of the
tube diameter.
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IIydroambon type, —Investigations have been conducted
at the NACA Lewis laboratory to me$wre the low-pressure
limits of flame propagation of a large number of fuels. The
experiments were carried out in a flame tube 2 inches in
diameter with a hot wire as the igniter. The apparatus was
not provided with a plenum, so the flames did not propagate
at constant pressure; however, all the limits were deter-
mined in the same manner, and the data are consistent.
The results are presented in references 20 and 34.

Both the lean and rich limits are virtually unaffected by
decrease in pressure from 1 atmosphere to about 10 inch=
of mercury. This result is in agreement with the data of
figure 82. Furthermore, the relative order of concentra-
tions of the limits for the various fuels is the same as at
atmospheric pressure. Therefore, table V, which gives the
limits at 1 atmosphere for several pure compounds, also
qualitatively demribes the results at pressures down to
10 inches of mercury. Further decrease in pressure intr-
oduces the quenching effect of the walk and causes both lean
nnd rich limits to converge quite rapidly. The limits
finally meet at a minimum pressure below which flame cannot
propagate in homogeneous mixtures in a 2-inch tube. This
minimum was abouti 1.3 inches of mercury for most of the
fuels investigated.

The relative order of the rich limits for a series of fuels
was not the same at pressures below 6.5 inches of mercury
as above that pressure. This change occurred through a
peculiar behatior of the limit curves.. Several typical
examplw for nomml parafhs in air axe shown in figure 91.
The rich side of the curve contains an additiomd lobe; this
type of pressurdimit curve was found for all hydrocarbon
fuels except methane (refs. 20 and 34). It has been suggested
that the lean lobe corresponds to the limits of propagation
of nornd frames, while the rich lobe is due to ‘(cool flames”
which are capable of propagating in rich hydrocarbon-air
mixtures by means of a different mechanism (ref. 34).

Petroleum fuels.-Reference 22 reports the eilect of
reduced pressure on the limits of flame propagation of several
petroleum fuels. The data were obtained in a closed 2-inch-
diameter tube, in an apparatus similar to the one described
in reference 34. However, in the tests of reference 22, a
spark-ignition source was used in place of a hot wire.
Reference 34 states that doubt exists as to the possibility of
initiating cool flames with a spark source; the data of
reference 22 support this idea, for the curve .do not show
cool-flame lobes such as those in figure 91. Curves are
presented in figures 92(a) and (b) for 100/130 grade aviation
gasoline and for JI-3 f ueL The data were obtained at 77°
to 81° F with fuel-air mixtures prepared only from the first
20 percent of vapor that distilled from the mukicomponent
petroleum fue18. Therefore, the percentages of heavy
vapora in the mixtures ~ere sndl. It should also be noted
that the previous history of the fuels must have had an
effect on the results, as discussed previously in comection
with the Iimiti of flammability of petroleum fuels at atmos-
pheric pressure. In view of the uncertain average molecular
weight of the combustible vapom, the data in figure 92 are
plotted in terms of volume ,percent of combustible in air.

Tbe facts that a dosed flame tube was used in th=e
e.speriments and that the type of spark-ignition source
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Fmrmm 91.—L0wLpressure limits of flame propagation of normal
parafbe in air in Xnch tube (by permfmion from ref. 34).

affected the residts indicate that the data of figure 92 am of
value mainly for r%mparative purposes. It is believed that
they are not true flammability-limit data. However, it is
interwting to note that flame propagation may occur at
pressur~ less than 1 inch of mercury, and that the roughly
vertical portions of the curves lie at fuel concentrations
similar to the true flammability limits at 1 atmosphere of
pure nornd-paraflin fueIs in the butane-heptane range.

SIGNE’ICANCBOFFLAMMABILITYLIMITS

Limits of flam~ propagation.-The significance of tho
observations discussed in the foregoing sections must neces-
sarily be considered in terms of the experimental conditions.
The true limits of flammability, which are phyaicochemical
copstants of the fuel at a given temperature and pressure,
are not tiected by the size and shape of the veixmlor by
the igniter. As has been pointed out, measurement of these
true flammability limits haa been coniined mainly to atmos-
pheric pressure, because at lower pressures the quenching
influence of the walls occurs. The limits at lower pressures
are therefore properly termed limits of flame propagation
and may be related to quenching distances. That is,
limits of flame propagation at low prmures occur in mixtures
that are actually flammable, and in sufficiently large veaaels
it appears that flame may propagate in these mixtures
down to very low pre.smxes.

“In addition, it is not yet certain that true limits of flam-
mability may be measured in any but homogeneous mkturea
of fuel vapor and air because of the dii3iculty of defining
precisely the physical state of heterogeneous mixtures of
liquid and vapor fuel with air.

The hits of flame propagation at reduced pressure havo
already been discussed, and the relation to quenching has
been described. The true limits of fkunnmbility, deter-
mined for homogeneous mixtures at atmospheric pressure,
remain to be considered.
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True flammability limits.-ll a flame is to propagate
through a n@ure, it is evident that each layer of fresh gas
just ahead of the flame must be ignited so that the flame
overtakes it juet as the chemical reactions of combustion
roach the state characteristic of the flame. It is therefore
reasonable that the true limits of flammability should occur
at fuel concentrations such that just sufficient energy is
transmitted from the flame to the gas ahead to allow this
continuous ignition to take place. Dilution of the limit
mixture by fuel at the rich limit, or air at the lean limit,
would upset the balance, and flame would propagate only
if aided by some external energy supply such as the ignition
source.

It was pointed out previously that diflusion of active par-
ticles and conduction of heat from the flame zone to the cold
gas am probably both importsmt in the process of flame
propagation. It is not yet established which of these two
mechanisms will be more successful in explaining the ob-
served combustion phenomena. Regardless of the mecha-
nism of enmgy transfer, however, it is logical to expect that
the limit concentration should be related to the amount of
chemical enthrdpy (heat of combustion) available in the
mi..ture for transfer to the unburned gas. This expectation
is experimentally verilied, at least for the lean flam-
mability limits of hydrocarbon fuels. On the average,
lean-limit midmrca of most hydrocarbons have a combustion
heat release of 10.4 kilocalories per mole of fuel-air mixture
(ref. 20). Also, Egertcm and Povding (ref. 35) have show-na
very striking correlation between the heat of combustion
of the fuel and the reciprocal of the lean-limit concentration
(ref. 6, p. 334). Similar correlations between the heat of
combustion and the rich flammability limits have not been
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so successful. However, it has been found that the calofic
values of rich-limit mixtures are approximately the same for
several hydrocarbon fuels (ref. 19, p. 12). The same
general ideas of flammability limits may therefore apply
to both rich and lean limits.

The foregoing discussion implies that there may be a
characteristic temperature associated with the limit flames
of each fuel. It will be recalled that increased initial mixture
temperature widens the limits, so that the heat of combustion
per mole of mixture is decxeased. If there is a characteristic
limit flame temperature, the decrease in heat of combustion .
should be just balanced by the gain in heat content due to
the higher initial temperature. This is found to be approxi-
mately true for several hydrocarbons and may explain the
linear depmdence of limits of flammability on initial mixture
temperature that is usually observed (ref. 19, p. 12).

The general ideas of flammability limits discussed’have not
w yet been implemented with a useful theory. The theo-
retical approach of LeYis and von Elbe (ref. 5, p. 369) has
not led to a means of calculating the limits from basic physi-
cal and chemical properties of fuel-air m@.res. The ideas
expressed in reference 36 have been somewhat more success-
ful. This work points out, both on the basis of the thermal
theory of flame propagation of Zeldovich and from experi-
mental evidence, that the burning velocity does not fall to
zero in a limit mixture. Consequently, there must be some
factor than prevents the propagation of slower flames in
mixtures more dilute than the limit mixtures. It was
suggested that this factor is the loss of heat due to radiation.
The radiation in question is chiefly infrared. On the basis
of necessarily crude calculations, which were not described
in detail in the reference, it was estimated that radiation
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FIGURE93.—Effect of mixture composition on eurface ignition tem-
perature of various quie9cent mixtww of natural gas and air.
Ignition by electrically heated 4j4-inch-long nickel strips cut from
sheet of No. 18 B&S gage commercial nickel (ref. 43).

makes it impossible for a flame to propagate in carbon
mdnoxide mixtures at a velocity less than 0.065 foot per
second. The lean limit of carbon monoxide in air was
calculated to be between 10 and 13.5 percent carbon mon-
oxide by volume, and the rich limit between 81 and 87.5
percent. These figures may be compared with those of ref-
erence 19, which gives the limits as 12.5 and 74 percent,
respectively. The agreement is qui@ striking in this csse;
so far as is lmown, the theory has not been extended to other
fuels. In view of the fact that data on the absolute energies
emitted ns infrared radiation horn gas mixtiires at elevated
temperatures are required for the calculations, a full evalua-
tion of this theory would be a dif%cult task.

IGNITION

Ignition of gases is usually considered the process of
‘ producing a propagating flwne in a combustible mixture.

There are many methods used to generate this flame; the
following are discussed in the succeeding sections: heated
surfaces, flames, hot gasea, shock waves, capacitance sparks,
and inductance sparks. The information available on most
of these methods is too voluminous to permit detailed
discussions of apparatus and results in this chapter; hence,
only perfunctory descriptions of apparatus are given, and
only the more important trends are discussed.

As an aid in understanding the succeeding discussion of
the ignition process the following definitions are offered:

(1) Ignition temperature: The ignition temperature is
the lowest temperature at which the heat lost from the gaa
is overbalanced by the heat generated by chemical reaction.
At this temperature, the rate of chemiwd reaction increases
and as a result the tamparature is incressed to the tie
temperalnire. However, when it is desired to determine

ignition temperatures, it becomes necewaW to employ vari-
ous types of apparatus which in themselves do not give the
true temperature of the gas but rather a temperature of part
of the apparatus. Hence, temperatures reported hereinaftm
for varioue ignition methods are equipment tempemtums.

(2) Ignition limits: Ignition limits of a mixture are those
proportions of fuel in air or oxygen that are just capable of
permitting flame in a portion of the mixture for a speciiic
ignition method. Because ignition is considered aa the
process of initiating a propagating flame, ignition is limited
by the limits of flammability previously discussed.
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FIGUBEI96.—IgnMon characterbtim of n-octane and 2,2,4-trimethyl-
pentane in mfxtures of fuel, oxygen, and nitrogen. Ignition by
dyrwnio heated-tube method; supporting atmosphere flow, 230
CO per minute at atmospheric pressure and temperature (by
pormission~m ref. 4S).

(3) Ignition lag: Ignition lag is the time between the intro-
duction of the mixture to the ignition source and the first
indication of ignition.

IGNITIONBYHEATEDSURFACIH

The most important methods used to ob$ai.n basic data on
surface ignition temperatures of fuels are: (1) crucible
methods, static and dynamic; (2) heated surfaces of various
geometries; (3) adiabatic compression method, and (4)
bomb method.

‘ The crucible methods have been most widely used to
obtain ignition temperatures of liquid fuels. In this method,
a drop of fuel is dropped through an opening into a heated
contniner filled with either quiescent or flowing air or oxygen
(depending upon whether static or dynamic tests are to be
made). The crucible temperature and ignition lag me
detmnined at the ins,tant the drop bursts into flame. The
disadvantages are that the mixture composition is not ob-
tained and that the heat of vaporization must be supplied
by the crucible. The ignition temperature is the surface
t~mpmrdure of the crucible. This method has been derived
from the methods described in references 37 and 38 and
yields ignition temperatures that are among the lowest
found in the literature. The crucible method has been
critically evaluated and refined by Setchkin (ref. 39).

The dynamic heated-tube method (ref. 40) utilizes con-
centric quartz or Tyrm tubes in which the flammable vapor
and supporting atmosphere are flowing and are separately
hinted. The flammable vapor is metered into the large
tube containing the supporting atmosphere by means of a
small orifice in the end of the small tube. The measured
ignition temperature is the mixture temperature at which
flame appeam after a measured time lag. The mixture
composition is controllable in this method.

The adiabatic-compression method was originally devel-
oped by Tizard and Pye (ref. 41) to eliminate the effects of

the surface on ignition temperature. The apparaw was
constructed with a piston that moved forward very rapidly
to compress a volume of fuel-air mixture in a cylinder; the
piston was locked at the end of the stroke. Reasonable
calculations showed that the time required for any appreci-
able heat loss from the gas to the cylinder walls was much
grmter than the observed ignition lags. The ignition l~g
depend upon the temperature reached in the compression
process; the temperature is calculated from the compression
ratio as determined from a pressure reqrd.

The original intention of Tizard and Pye, that the ignition
tempe@ures obtained by the adiabatic-compression method
should be those for homogeneous gas-phase ignition, does not
appear to have been fulfilled. The experiments of reference
43 showed that, although the ignition lags were only of the
order of iOq second up to a few tenths of a second, signifi-
cant heat transfer to the cylinder walls occurred. Lewis
and von Elbe, in a discussion of the adiabatic-compression.
method, point out that all experiinenters have found it
necessary to condition the’ mills of the reaction chamber in
order to obtain consistent results (ref. 5, p. 162). This
fact plainly indicate9 a wall effect on the ignition tempera-
tures. lhrthermore, strong evidence for a wall effect has
been obtained in photographs taken through the end of the
compression chamber fitted with a window; the pictures
show that luminous spots appear fit at the surface of the
cylinder and grow inward (ref. 5, p. 163). Thus, ignition
definitely does not occur uniformly throughout the com-
pressed mixture. J?or these reasons, it appeam that the
adiabatic-compression method, like the other methods under
discussion, gives some sort of apparatus temperature rather
than an absolute ignition temperature.

The bomb method (ref. 42) utilizes an evacuated chamber
heated to a lmow-n temperature. The flammable mixture
is’introduced into the chamber and time lag is measured. The
chamber has possible catalytic effects, and errors may result
because the mixture must be heated before iatition can
occur.

Data horn all these methods cannot be compared because
of the difference in experimental apparatus and technique.
How-ever, data from one source can be used to show the
trends of difEerentvarkblw. “

Mixture composition.-The effect of mixture composition
on the surface ignition temperature of electrically heated
nickel strips (ref. 43) is show-nin @me 93. The approxi-
mately linear relations show that the ignition temperature
increases aa the percentage of fuel in the fuel-air mixture
increases and as the strip width decreases. This trend of
increasing temperature with increasing proportions of fuel
does not hold for all fuels. Figure 94 shows that, for some
hydrocarbons of the paraiiin series,the tempwature decreases
with increasing fuel proportions (refi. 42 and 44), although
it might be expected that the curves will eventually turn
back up at richer mixtures. GasoLne shows a trend similar
to the paraflin hydrocarbons (fig. 94).

A fuel may exhibit two ignition temperatures at certain
oxygen-fuel ratios (ref. 45). For example, figure 95 shows
the ignition temperature for n-octane and 2,2,4-tiethyl-
pentwe as a function of oxygen-fuel ratio. For 2j2,*tri-
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l?kmm 96.—Variation of ignition temperature of gasoline in oxygen
with varying ignition lags aa determined by dynamicdmp method
in platinum crucible (ref. 48).

methylpentane, the temperature gradually decreases with
increasing omen-fuel ratio. However, @h the n-octane
fuel and, for example, an o~gen-fuel ratio of 8, ,m ignition
region is found between 465° and 605° l?, a nonignition
region between 605° and 865° F, and another ignition region
above 865° l’. Hence, there are two types of ignition:
(1) a low-temperature ignition that is substantially constant
regardless of fuel concentration, and (2) a high-temperature
ignition that is allected by fuel concentration. The readily
ignited hydrocarbons, such as cetane, heptane, decane, and
decahydronaphthalene, exhibit zones of nonignition above
the minimum ignition temperature (ref. 46). Reference 47
shows that mixtures of air and straight+hain parafiine con-
taining three or more carbon atoms exhibit zones of non-
ignition. Oxidation-reaktant hydrocarbons such as b~-

Oiomeler of heoted sphere, u“ im

FIQmiE 97.—Effect of ephero ~ametar on ignition of three gas-air
mixtures ignited by quartz and platinum epheres shot into rnixtum
at average velocity of 13.12 feet per second (ref. 49).

zene, toluene, and 2,2,4trimethylpentane inhibit no zones
of nonignition. The phenomena of zones of nonignition
my be due to chain-making and -breaking mechanisms.

Ignition lag,-The ignition temperature of a flammable
depends upon the time interval between the introduction of
the flammable to the ignition source and the actual appem’-
ance of flame9. Figure 96 shows the effect of this lag on
the ignition temperature of a gasoIineaxygen rnixtum (ref.
48). The temperature decreases almost hyperbolhdly with
increasing ignition lag. The minimum ignition temperature
is reached when the temperature no longer decrenaea with
increming lag. This same trend is observed with other fuels
and other types of ignition source (except sparks).

The importance of ignition lag in ignition by heated sur-
faces is indicated in figure 96. The times shown me un-
reasonably long compared with the residence time of a fuel

(a) Experimental data
FIWRE 98.—Variation of ignition temperature of various fuels in air with gaa-etmam velocity
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Fmmm 99.—Influence of mild turbulence on minimum ignition tem-
pomture of liquid aviation gasoline injected intn 12-inch-diameter
12-inoh vertical steel cylinder (ref. 44).

in a combustion chamber. Therefore, for such applications,
the surface temperature must be markedly increased or else
some means provided to prolong wntact between fuel and
surfnce.

Heated spheres and rods.—Heated spheres shot into the
combustible have also been used as ignition sources, with
the results shown in figure 97. Ignition temperature de-
creased os the diameter of the sphere increased because .of
the greater surface area. In this study (ref. 49), the cri-
terion for setting up a theory was that the rate of heat
generated by reaction should be greater than that lost by
conduction. It is shown that, for a specific sphere velocity,

(9)

where Tg is the heat cd-sphere temperature and EUl is the
apparent energy of activation.

Because of the ignition criterion that considered heat losses
by conduction only, the equation does not contain any factor
relating to the duration of contact of the fuel with the
ignition source.

Heated rods have been used as ignition sources for high-
velocity gas streams (ref. 50), as shown in figure 98(a).
Righ mi..ture velocities correspond to short ignition lags;
thus, the ignition temperature of a flammable mixture in-
creases with increasing velocity of the mixture. These data
lmve been correlated (fig. 98(b)) in accordance with the
following equation:

(lo)

where UZis the velocity past the heated roil.
Turbulence ,—Data on the effect of turbulence on ignition

are not extensive, and the littld information that is available
does not include quantitative measurements of turbulence.
Reference 43 shows that mild turbulence decreasea the igni-
tion temperature. However, an opposite trend is reported in
~efmence M, where the ignition temperature was increased
approximately 30° F by stirring the mixture (fig. 99).

Surfaoe oondition and composition.-The condition of the
heated surface may affect ignition in that the scale or ash
forms an insulating coating which requires the whole material
to be heated to a much higher temperature for ignition than

would otherwise be necesywy. ~ gas film (e. g., adsorbed
water or carbon dioxide vapor) may act in the same manner.

The composition of the ignition surface affects the ignition
temperature (refs. 43 and 51) of flammable mixtures. The
effects of various surfaces are shown in figure 100. DiiTer-
ences shown for the various surfaces are probably due to
thernial conductivityy, catalytic activity, or oxidation proper-
ties. Except for molybdenum and platinum, the surface
temperature increases with the amount of fuel in the misture.
Molybdenum oxidizes rapidly at these ignition tsmperatures,
which probably explains the trend opposite to other metals.
Platinum is catalytically active, and the results may be ex-
plained on that basis. TWthplatinum, a reaction of fuel and
oxygen takes place with liberation of heat at the surface.
This heat affects the temperature gradient in such a manner
that less heat will flow horn the heated surface, thereby in- ,
hibiting ignition. The rate of the catalytic reaction attains
a maximum at stoichiometric mixture composition, causing
the heat flow from the surface to be minimum. Therefore,
to compensate for the smaller heat flow, it is necessmy to
raise the surface temperature in order to obtain ignition, as
shown by the peak in figure 100.

This effect of type of surface upon the ignition tempera-
ture depends upon the particular method of ignition used.
l?or example, reference 52 shows that, in the dynamic-bomb
method of ignition, changing the metal surfaces has substan-
tially no effect on the ignition temperature. Glass surfaces,
however, ignite flammables at lower temperatures (ref. 53).
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Surface area, sq in

FXGURE101.—Effect of surface am.a on surface ignition tem~rafmre
of quiescent mixture of 7 percant natural gas and air. Ignition by
electilcally heated surface (ref. 44).

Surface area .—The effect of increasing the surface area of
a heated plate (ref. 44) is shown in figure 101, in which an
increase in area lowem the ignition temperature. Increasing
the area from ~hich heat may be transferred increases the

amount of heat output and correspondingly lo-were the igni-
tion temperature. The curve appears to approach a minim-
um temperature below which it is impossible to obtain ig-
nition regardless of area.

Small ties can cause ignition when heated electrically to
incandescence. In the case of platinum, ~culties are
caused, however, by combustion tithout flame that takes
place on the surface of the ties. This combustion causes
the tie to have a temperature higher than tihen surrounded
by air instead of a fl ammable mixture. The mixture near
the tie becomes heated and convection currents are set up.
Ignition of the mixture occurs only if the heated portion of
the misture remains in contact with the tie for a period
corresponding to a time greater than the ignition lag. This
convective effect is greater tith stoichiometric mixtures
(those that have the highest thermal energies) and conse-
quently results in higher ignition temperatures at these m.i.x-
tures.

The lirnit~~ minimum diameters of heated ties capable
of igniting methane-air mixtures are approximately 0.0079
and 0.0355 inch for platinum and iron ties, respectively

(ref. 54). For smaller wires it is assumed that a layer is
formed on the tie by oxygen molecules and sufEcient beat

cannot be conducted through the layer.
Heated particles (friction and fusion sparks) can cause

ignition under certain circumstances. However, in general,
they are ineffective ignition sources and have little practical
importance in high~peed combustora.

Fuel composition.—Variations in molecular structure and
molecular weight aflect the ignition temperatures of flam-
mable mixtures to a large degree, as shown in references 55
and 56, both of which use crucible methods. Ignition tem-
peratures for more than 100 organic liquids are reported in
reference 55 and for 94 pure hydrocarbons and 15 commercial
fluids in reference 56. Portions of these data are plotted in
figure 102, where spontaneous-ignition temperatures are
shown as functions of the number of carbon atoms per mole-
cule for several types of compound. Th~e figures show
that the compounds with the lowest molecular weight have

the highest ignition temperatures and that, for a given num-
ber of carbon atoms, the n-paraill.nsand n-oleiins havo sub-
stantially lower ignition temperatures than do branchocl
parafhs and aromatics.

Ignition temperatures for several aircraft fuels and
lubricants me listed in the following table, These data
were taken from reference 56”and horn unpublished NACA
work in which a crucible method, substantially the sanm ns
that of reference 56, was used:

spon$mous-
Fuel or lubrioant

tmap:;turo,

100/130 Grade aviation gwtie.-----------.---- 64:
Low-volatility aviation gwtie.----------------
Unleaded 62-octane motor gasoline-------------- 668
Kemmne------------------------------------ 480
Grade JI?-3 jet fuel

Sample A-------------------------------- 4s4
Sam Ie B--------------------------------

X?
602

Grade 4jetfuel --------------------------- 4s4
Grade JI-6 jet fuel

SampleA-------------------------------- 473
Sample B-------------------------------- 477
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spontanemwignition temperatures of various liquid fuels,
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The ignition temperatuw for the jet fueIs are among the
lowest found for hydrocarbons.

There is no ex~ct relation between octane number and
ignition temperature, but references 51 and 57 indicate that
ignition temperatures of unleaded fuels generally increase
with increasing octane number. Data horn referenw 46,
53, and 58 show that the effect of decreasing fuel quality or
cetrme number “is to increase the ignition temperature (fig.
103).- Addition of tetmethyl lead also increases the ignition
temperature (ref. 46).

Pressure.—The effect of pressure on the igni~ion tempera-
ture of methane-air mixtures as determined by a dynamic
heated-tube method is shown in figure 104(a) (ref. 40), and
its effect on the bomb-ignition temperature for four liquid
hydrocarbons is shown in figure 104(b) (ref. 59). Ignition
temperatures decreased.continually with incensing pressure
over the pressure range investigated, which was to 30
atmospheres in reference 59. The effects of increasing
pressure on crucible-method ignition temperatures are
shown in the following table for JP-4 and JI?-5 fuels (un-
published NACA data):

kIgnition tem-
perature, “F

Pr~mre,

JP4 JP-5

1--------- 484 477
5--------- 376 415
9--------- 378 -408

L I

A considerable decrease in ignition temperature is seen when
pressure is @creased horn 1 to 5 atmospheres. Further
increases to 9 titmospherw had little effect.

Diluents,—The effect of adding dilueds to flammable
mixtures is to increase the ignition temperatures, because
the amount of o~gen is correspondingly reduced (ref. 45).
However, in the low-temperature type of ignition previously
described, the effect of diluents is negligible, the ignition
temperature remaining substwtially constant.

IGNITIONBYFLAMES

The energy required to initiate the chemical reactions
characteristic of a propagating flame may be suppLiedto a

Air pressure, pa,atm

(n) Ignition of methane in air using dynandc heated-tube method
(ref. 40).
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FI~URE103.—Effect of cetane number on spontaneous-ignitiontern-
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fuel-air mixture by means of flames. TWO separate situa-
tions may be considered:

(1) A pilot flame is ,immemed in the fuel-air misture.
Whether or not the nuxture WN be ignited depends upon
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FIGURE105.—Effeots of pilot-tie contaot time and size on ignition
(ref. 60, p. 46).

mixture composition, duration of contact between flame and.
mixture, size and temperature of the flame, pressure, turbu-
lence level, and the nature and amount of diluents.

(2) A flame is propagating in one portion of a fuel-air
mixture, separated from a second portion by a constriction.
Whether or not the flame will pa= through the constriction
and ignite. the second portion depends on the factora that
~mvern flame quenching by walls. Among the important
variables are pressure, temperature, mixture composition,
nature and amount of diluents, and size and shape of the
opening between the two regions of combustible mixture.

There is no extensive reliable literature on ignition by
flames, and all the variables mentioned have not been
studied. The succeeding sections describe some of the
import ant facts that have been established.

Pilot flames .-Two basic sets of experiments have been
conducted on the ignition of homogeneous fuel-air mixtures
by means of immemed flames. In both cases methane was
the fuel and the methane-aix mixtures were quiescent.
The experimental technique involved oqosure of the mix-
ture to a small pilot flame for varying short intervals of
time by means of a shutter, and the shortest contact time
that permitted ignition was measured. The work is
described by Nf!organ in reference 60 (p. 44).

The first experiments established the minimum contact
times for ignition as a function of methane concentration
in air for pilot flames of vaiious lengths. The results are
shown in ilgure 105. hIixtures slightly richer than stoi-
chiometric could be ignited with the shortest contact times,
and increastig the length of the pilot flame reduced the time
required. The flame temperattie was the same in all cases;
thus, an increase in heat-release r?te appears to improve the
incendivity of pilot flames. The other interesting result of
this work is the very short contact times required. A flame
0.590 inch long was capable of igniting a range of methane-”
air mixtures with contact times of only 0.003 to 0.004 second.

In the second series of experiments, the size of the pilot
flame was kept constant, but the temperature was varied

by adjustment of the mixture. In this way, it was found
that the minimum contact time for ignition- of methane-air
mixtures by a pilot flame burning at 3215° F was only about
one4xth the time required with a flame at 2770° F.

These two seriesof tests therefore establish the importance
of both pilot heat and pilot-flame temperature in the ignition
of quiescent m.ixhm%.

3?ropagatingflames through constiotions,-It is apparent
from a previous discussion of flame quenching by walls that,
if the quenohing distance is known, the possibility that a
flame propagating in one portion of a mixture will pass
through a constriction and ignite a second portion can be
determined. All evidence indicates that, if the flame suc-
ceeds in passing through the constriction, ignition of the
second portion is automatically ensured. It is themforo
appropriate to consider the factors that affeot quenching
distance in connection with this type of flame ignition (sI3o
NE QUENC1311fG).

lQNYYIONBYHOTQMES

Ignition by hot gases generally applies to the case in which
fuel is injected into hot air. The mixing process is an
essential part of the sequence of events leading to ignition.
In addition, the chemical nature and physical state of tlm
fuel, and the temperature, pressure, and composition of the
hot g= will influence ignition.

Some of the factors governing ignition of fuels injected
into hot airstreams are discussed in this section. The
criterion for ignition is the appearance of flame. O.udation
is accelerated by increased temperature; therefore, the time
lag, or ignition lag, from the instant of fuel injection until
the flame appears is a function of the air temperature. In
addition, some of the experiments show that the relative
amounts of fuel and air affect the temperature required for
ignition after a given ignition lag. It is therefore evident
that quoting an ignition temperature for a fuel is memingless
unless the fuel-air ratio and the time lag before ignition are
also specified.

One of the major difficulties in the measurement of such
ignition temperatures is that a mixing process is super-
imposed on the results. In the older work the fuel conccm-
tration varied from point to point in the apparatus, and no
attempt -was made to determine the concentration at tho
point where flame fit appeared. In addition, there was
often a chance for the fuel to undergo thermal cracking
because of prolonged contact with hot surfaces before it was
introduced into the airstream. Consequently, ideal ignition
experiments of this type should be free of surface effects, and
mixing of the fuel and air should be nearly instantaneous, or
else the effects of mixing should be determined, Ewm if
these requirements are met, however, the experinmntal
technique still affects the results; this point is discussed moro
fully later.

Two tv-ms of recent mmerimentsare discussed: .
(1)

(2)

li~~ction of gaseo~ fuel into hot air, with very rapid

m’
Injection of gaseous or Iiquid fuel into a stream of air
plus hot products of combustion from a “slave”
burner, with no special attempt to secure rapid mixing,
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Heated air.—A spontaneous-ignition apparatus that over-
comes some of the experimental objections to the measure-
ment of ignition temperatureswas designed and used to study
the ignition of propane by hot air (ref. 61). The propane and
the air were very rapidly mixed in a specially designed
chamber; the mixing time with the low flow rates used was
6X10-3 second or less. Consequently, it is believed that no
significant thermal cracking of the fuel occurred before it
was mi..ed with the air. The mixture was allowed to flow
upward in rLglass flame tube, and the ignition lag was meas-
ured by means of a photocell that responded to light from the
flame, or by a pressure pickup that recorded a pulse w-hen
ignition occurred. By means of several electric heating
elements, conditions -were controlled so that the mjxture,
mi..tig chamber, and flame tube were all the same temper-
ature. The flame tubes were 36 inches long and 1 or 2 inches
in diameter.

The results did not depend appreciably on the flametube
diameter (ref. 61). There was, howeyer, an effect of flow rate.
Curves of ignition lag against flow rate, at constant temper-
ature and propane concentration, showed minimums for
ignition lag. The flow rate corresponding to the minimum
lag shifted to higher values for richer mixtures.

Nevertheless, the data of reference 61 definitely show that
ignition lag decrenses as propane concentration increases.
Typical data are shown in figure 106 in the form of a loga-
rithmic plot. The ignition lags vary from 0.3 to 8 seconds
over a range of propane concentrations of 3 to 40 percent by
volume rmd a range of temperature from 1014° to 1361° F.
The straight lines of figure 106 show that the dependence of

ignition lag on propane concentration may be expressed by
the following equation:

where [C3HS]is propane concentration. The value of the
exponent b may be determined from the slopes of the lines
‘of figure 106. These slopes have an average value of —0.93,
so that the exponent 6 in equation (11) maybe approximated
by unity.

Reference 61 also describes experiments in which the
oxygen concentration was varied independently of the
propane concentration. In this way, it was found that there
is a slight dependence. of ignition lag on oxygen concentra-
tion. The following equation expresses
of propane and oxygen concentrations
at a given temperature:

+=(3 [C,H8] [O,]fi

the combined effects
on the ignition lags

(12)

Reference 61 showed that the temperature-dependence of
ignition lag is not of the simple Arrhenius typ~; the data
indicate that the activation energy is not constant over the
range of temperatures studied. However, the ignition-lag
data could be reasonably well expressed (within 30 percent)
by the following equation, which accounts for all the
variables studied: .

tlc[c3H~ [oJJ~=o.030+5.4 xlo-9 &w/T (13)

where [Cw] and [02] are the concentrations in mole fractions,
and Tis in OR.

.The preceding experiment is subject to apparatus vari-
ables that appear to be inevitable, even though some of the
objections to the measurement of spontaneous-ibtition
temperatures have been removed. If the essentialprocesses
are”assumed to take place in the gas phase, ignition cannot
occur until the rate of heat release from the preignition renc-
tions (or perhaps the rate of production of certain active
particl~) overcomes the rate of loss to the mills of the test
section and to the air or inert gas that precedes the fuel-air
mixture through it. Such a transfer must occur even though
the walls are maintained at the same temperature as the
entering stream of mixture, for the oxidation reactions release
heat even before ignition takes place, so that the temperature
of the stream rises as it progr-es through the flame tube.
Consequently, gradients in temperature and in concentra-
tion will exist between the center of the tube and the walls,
and the diameter of the test’section should have some effect
on the results. The material of the vralls might also be of
some importance. In addition, the flow rate should affect
the ignition lags at a given spontaneous-ignition temperature,
since it influences the heat transfer to the walls. Siiar
considerations apply if processes at t~e wall are assumed to
be controlling. There is also the possibility that both gas-
phase and surface reactions are important, perhaps in dif-
ferent ranges of concentration Wd temperature.
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Reference 61 shows that some of the results can be quali-
tatively explained both in terms of gas-phase reactions,
uzing a reaction mechanism - based on low-temperature
oxidation studies, and in terms of a postulated surface reac-
tion between adsorbed oxrygen and propane. h the latter
case, it would be expected that the ignition lags should
depend upon the diameter of the flame tube; however, as
has been pointed out, there was little difference between the
ignition lags measured in 1- and 2-inch tubes. Reference 61
suggests that the explanation may lie in the fact that, whereas
the smaller tube with its larger surface-volume ratio gives
greater concentitions of reactants per unit volume of gas,
the smaller tube also provides a larger relative area for loss
of heat or destz-nctionof active particles.

Concerning the other variables, the data of reference 61
show that ignition lag depends upon flow rate. Additional
work, reported in reference 62, describes the effects of pres-
sure, nature of walls, and nature of inert gas. Decrease in
pressure caused an increase in ignition lag; at 1 atmosphere
and 1125° F, tubes of Vycor, stainless steel, and Vycor
coated with potassium chloride all gave identical ignition
lags; and substitution of helium-for nitrogm in the air in-
creased lags about 10 percent, while substitution of argon
caused no change.

Vitiated air.-MuIlins (ref. 63) has provided some data
on short ignition lags obtained under rather specialized
conditions. The objective was to shimlate the situation in
current” types of turbojet combustms. b this case no
flameholders are provided in the combustm-s, and the fuel
must be ibtited by spraying it into a primary zone of air
plus hot products of combustion introduced by recirculatiori
fim the flame zone. In the apparatus described in refer-
ence 63, the air was heated by addition of the hot exhaust
from n “slave” combustion chamber situated upstieam of
the test section. The fuel was injected through a nozzle
(both vapor and liquid fuels were studied). The ignition
lag was determined horn the known flow rwteand a measure-
ment of the distance from the nozzle to the point at which
the spontaneously ignited flame stabilized in a gradually
tapering di.thser downstream of the injection nozzle.

. Such an experiment must be subject to the effects of evap-
oration, mixing, drop size, drop-size distribution, and
turbulence. In riddition, the air supply is vitiated by the
added combustion products, so that the oxygen concentra-
tion varies below 21 percent as a function of the temperature
required in the airstream. Mullius has attempted to account
for many of these effects in reference 64, which describes the
results of studies on the ignition lags of kerosene-airmixtures.
Several physical variables were examined, with the following
results:

(1) Fuel-air ratio and velocity had negligible effects on
ignition lag.

(2) At a given air temperature, the lag increased about 1
percent per 3-micron increase in spray Sauti3r mean
diameter.

.

‘(3) The lag decreased 15 percent per 140° F increase in
fuel preheat.

(4) The lag decreased 25 percent if the fuel was pro-
vaporized.

(5) Only slight changes were notes when the induction
zone was in the wake of a ‘baffle that induced comso
turbulence.

Studies concerning the effects of air vitiation made with
pure hydrocarbon fuels show that the spontaneous-ignition
temperature for a given time lag was about 120° F above
that for air (ref. 65). With liquid fuels, it was necesmry
to set the conditions so that the spray was evaporated be-
fore it penetrated to the vdls of the duct. Furthermore,
in reference 64 a nozzle size and an injection presswrowore
standardized so that the spray Sauter mean diameter was
about 100 microns.

The” basic measurement was the length of the induction
zone (i. e., the distance downstream of the nozzle at which
the flame stabilized in the 3° diffuser). It might be ob-
jected that the results were affected by propagation of the
flame upstream into the hot mixture, or that the continuous
presence of the flame influenced the length of the induction
zone by radiation. To test these powibilitiea, experiments
were conducted in which the flow of fuel was intermittent
(ref. 64). The flashes horn ignited misture appemed 1 to 3
inches downstream of the corresponding continuous-fl~me-
front position. This result seems to indicate that the con-
tinuous presence of the flame did have some effect, but it
was pointed out that intermittent operation may not h~vo
allowed time for the nozzle to develop its normal spray.
Therefore, the difference between continuous and intermit-
tent ignition lags may have been due to a dMerence in spray
charactwistics- In any event, the discrepancies wero small
in absolute magnitude, although percentagewise tboy were
as high as 15 percent.

Although subject to the preceding experimental variables,
Mullins’ work provides the only measurements of the vely
short ignition lags of interest in present turbojet combustcm
The measurements covered the range of 0.5 to 30 milliseconds
ignition lag. TypicsJ data for kerosene, taken from reference
64, are shown in figure 107. The effects of pressurewere also
studied, and figure 107 includes lines for pressures from
9.88 to 29.92 inches of mercury. At a given temperature,
the ignition lag for kerosene under the particular set of sproy
and stream conditions was proportional to the reciprocal
of the pressure. Different pressure dependence were found
for other fuels. Figure 107 also includes a line for a gaseous
hydrocarbon fuel, “calor gas,” composed of OAhydrocarbons
(ref. 65).

From the experimental data, activation energies wero
calculated and corrected for the effect of air vitiation, so
that the results corresponded to pure air. The activation
energy for ignition of kerosene was calculated to be 46.6
kilocalories per mole; for “calor gas,” 62 kilocalorie pm
mole.
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FIGURE 107.—Ignition Iage on injeotion of fuel into hot vitiated
airetream (refs. 64 and 66).

There are several striking diilerences among the experi-
ments discussed:

(1) Reference 61 found that the ignition-lag data for
propane did not follow an Arrhenius-type plot; hence, a con-
sttmt activation energy was not obtained. However, the
empirical equation (12) used”to express the data includes an
exTonentird term eml@lT. This temperature-dependence is
much less than found in referen~ 64 and 65; the analogous
e.sponential terms, with activation energies of 45.5 and 52
kilocalorie per mole, would be eUIT or e4mJT. Although
different fuels are involved, other experience indicates that
the temperature coefficients for propane and “calor gas,”
in particular, should agree more ‘closely.

(2) Reference 64 reports no effect of fuel concentmition
on ignition lag, whereas reference 61 found that the lag at a
given temperature was proportional to the inverse of the
propane concentration.

(3) The data of reference 61 indicate a low order of de-
pendence of ignition lag on oxygen concentration, while
reference 66 reports thmt the lag varied inversely as the
square of the oxygen concentration.

It is impossible ‘at present to ascertain the reasons for
these discrepancies, because the experiments tie so different
and
The

the effects of variables are hcompletely understood.
need for caution in the interpretation of spontaneous-

ignition measurements is emphasized.
of knowledge, the safest procedure for

In the present stage
practical application

of the data to high-speed combustors is to choose an experi-
ment that most nearly matches the actual conditions. For
example, the work of Mullins provides measurements snit-
able for such application to prssent types of turbojet com-
bnstors. iMorebasic experiments, such as those of references
61 and 62, will eventually lead to a better understanding
of ignition by hot gases.

IGNITIONBYSHOCKWAVES

The possibility of ignition of fuel-air mixtures by shock
waves may readily be seen by a brief examination of the
properties of the waves. It is not within the scope of this
discussion to present the details of the formation and propa-
gation of shocks; many excellent works may be consulted
on these subjects (e. g., ref. 5,p. 59o).

A shock wave travels through a gas at a velocity greater
than the local sound velocity. As the gas flows through the
wave, it undergoes abrupt increases in pressure and temperat-
ure. The temperature is considerably greater than that ob-
tained by adiabatic compressicm,in which case the M.sump-
tion is that the piston moves so slowly that equilibrium
always exists. This condition is met in practical cases as
long as the piston velocity is small compared with the aver-
age molecukw veloci~. In the case of a shock wave, the
wave itself is the piston head, and, as already stated, its
velocity is high. Consequently, the compression is accom-
panied by the degradation of kinetic energy into random
molecular motion, that is, thermal energy.

An idea of the properties of shock waves maybe obtained
from the following table (ref. 5, p. 594). The quantities in
the table were calculated from the appropriate hydrodynamic
equations for shock waves in air at an initial temperature
of 32° F:

Ratio of prewure

“ “k

Temperature
behind shook Shook-wave Tempera- re9ulting from

wave to initial velocity, ture behind adiabatio com-
premure ft]seo shook, “F preasion to same

pressure ratio, ‘F

2----------- 1,483 “ 145 135
5---------- 2,290 408 307

lo----------- 3,209 810 468
50----------- 7,050 3,610 970

loo___________ 9,910 6,490 1250
looo ----------- 30,200 33,900 2620
2ooo ----------- 42,300 51,700 3270

The extremely high temperature produced in the shock hre
suilkient to indicate’the potential of shock waves as ignition
sources, particularly when the temperatures in the table are
compared with the spontaneous-ignition temperatures that
have been quoted previously. In. addition, the shock con-
tains free atoms and radicals that can promote rapid chemi-
cal reaction; shocks are often observed to be lun@ous, even
in inert gases.
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Thus far, only shock waves in noncombustible gases have
been considered. If the gas is a combustible mixture, a
mathematical analysis of the hydrodynamic processes that
occur when n wave of chemical reaction esveepsthrough the
mixture shows that two ditlerent types of process satisfy the
conservation lams. In one. case, the pressure and density
behind the wave are both lower than those ahead of the
wave; this is called a deflagration, and constitutes the usual
flame with which this chapter is concerned. In the other
case, pressure and density incrdase behind the wave; this
is a detonation. (For a complete discussion, see ref. 67.)

Ordinary flrimespropagating in tubes are often observed
to accelemte and transform to detonation waves if the tube
is long enough and the mixture is within the concentration
limits of detonabilit~. The proces-sminvolved are not yet
completely understood. It may-be sufficient to state that
the detonation wave is a shock wave that continuously ignites
the rnkture into which it propagates and is sustained at
a veloci~ very much greater than the normal burning velocity
by the energy relmsed in combustion. .

Thus, the possibility of igqition by shock waves is estab-
Iishedby the ve~ esistence of the phenomenon of detonation.
In the situation just described, however, flame is present
initially. Recent studies show that ignition by shock wav-
can be accomplished without the presence of a preliminary,
slowly propagating flame. In geneml, the technique has
been to employ a shock tube, in which an inert gas at high
pressure is separated by a diaphragg from rLcombustible
fixture. When the diaphragm ruptures, a shock wave with
a strength dependent on the bursting pressure and the
properties of the inert gas travels into the combustible
mixture. The properties of this incident shock may be cal-
culated fi-om shock-tube theory, and the shock-of minimum
strength required to ignite the mixture can be determined.
The technique has been used by Shepherd (ref. 68) with
methan~.~gen, methane-air, and ethene+xygen mixtures,
and by Fay (ref. 69) with hydrogen-oxygen mixtures. In
general, ignition resulted in a detonation if the mixtures
were within the concentration range of detonability, as
might be espected. However, the incident shock did
not by any means need to be as strong as the detonation
that resulted from it. For example, reference 68 showed
that metham-o~gen mixtur~ could be ignited by shocks
in which the calculated temperature was 410° to 482° ~;
the calculated temperature in reference 69 for a 2H?-09
mixture was 266° to 680° F. Ranges of temperature are
given because the results depended somewhat upon the
experimental arrangement, and the technique has not yet
been sufficiently refined to eliminate all exh%heous effects.
A~evertheles, the indicated ignition temperatures are in a
strikingly lower range than those determined by methods
previously discussed, especirdly when the very short lags
associated with shock-wave ignition are considered. More
recent work suggests that the low shock-ignition tempera-
tnrw are illusory, and are due to various effects in the reggon
of. the bursting diaphragm and in regions where the tube
walls me not flat (ref. 70). When care was taken to eliminate
these effects, the temperatures required for shock ignition
were as high as or higher than those required for othh
forms of ignition.

The favorable results of shock-ignition experiments, OUCI
the fact that a detonation wave is essentially a continuous
ignition by a shock wave, have led to a suggested engino
utilizing the principle (ref. 71). In such rm engine, which
might be a form of ramjet, the injectors would be moved
into the diffusei upstream of the normal shock. The shock
would ignite the mixture, and combustion would be com-
pleted in a combustion chamber smaller than thut roquirod
in presentday ramjet engines. The exit nozzle would be
used as a throttle to control the position of the shock ignilor.
The engine would be self-starting, and flameholclws would
not be required. Reference 71 should be consulted for
further analysis of the characteristics of a shock-ignition
ramjet and a discussionof its advantages and disadvantages.

It should be pointed out, however, that the principal need
not necessarily be utilized in thi form described in refmmce
71. Although further experimental work is needed, it mp-
pears that shock waves have a high potential for ignition of
combustible mixtures and may be useful in other than rom-
jet configurations.

lGNITXONBYCAPACITANCESPARRS

Probably the most importrmt mode of ignition in aircraf~
enghm is electrical discharges, such as sparks and glow or
arc discharges. These sparks or discharges permit tho intm-
change of energy from an electrical circuit to a gas in a rcda-
tively efficient reamer and in a minute volume compared
with heated surfacw, flames, or hot gases. Comploto con-
trol can be exercised over the amount of energy rmcl the
duration of the discharge. Although spark ignition has
been the subject of many investigations and has found wide
use in practical applications, there is still much to be Ienrned
about the mechanism whereby stored energy is converted
to flame. The most complete sumrmuy available on spnrk
ignition is that of referenee 72.

Three types of discharges have been used to obtnin
ignition: capacitance sparks, inductance sparks, and capaci-
tance sparks of long duration. The rate at which energy
is released is diflerent for these sparks and accounts for the
difference in igniting ability. Capacitance sparks nre
produced by the discharge of charged condensers into a gns.
The duration of such a discharge may be extremely short
(<0.01 microsec) for low energies and can be as high as 100
microseconds for larger energies (> 1 j) because of inherent
properties of the circuitry. The appermmce of the sparlc is
bright, and the spectrum. of the spark corresponds to that
of the gas in which the spark occurs. The current is high
because of the low impedance of the spark gap. Inductrmco
sparks are obtained from transformers, ignition coils, and
magnetos, or when an inductive circtit iS int~pted by
opening contacts. Because inductance sparks usually nm
generated by. high-impedance sowces, the c~ent is 10W;
hence, the sparks have a weak appearance. The duration
is long and the spectrum corresponds to the vapor of the
metal electrodes. Capacitance sparks of long duration am
produced when reg~~taneeis added to a capacitance discharge
ignition system, the duration being controlled by the relative
values of resistance and capacitance. When resistrmco is
added, the chamcteristies of the discharge (i. e., current,
duration, and appeaminee) become very similar to those of
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an inductance spark. Because of losses in the resistmce,
SUChsparks are only useful for fundamental research. The
energy at the gap must be measured by oscillographic or
calorimetric methods. ‘

The energy in a capacitance spark as obtained from the
discharge of a capacitance is calculated by the following
equntion:

EC=; c(&–a (14)

where
~, energy obtained from capacitance, joules
c capacitance of condenser, farads
vi voltage on condenser just before spark occurs, volts
01 voltage remaining on condenser at instant spark ceases,

volts
This equation gives the energy released from the condenser,
which may be higher than that actually dksipated in the
spark gap because of losses in the circuit unless extreme
cam is takm to minimize the losses. Usually o, is small
compared with iz~,and hence may be neglected. However,
in systems using large capacitors and relatively low voltage,
VIcan be important.

In the succeeding discussion of the effects of variables on
ignition by capacitance sparks, the following defitions will
nid in consideration of the results:

(1) LWninmmspark-ignition ene~: The minimum spark-

~lhme ir-methane;ir mixture, percent by volume

FIGmm 10t3.-Effeat of mixture composition on minimum spar!i-
, ignition oner~ and quenching distance of methane-air mixtures.

Capacitance spark; premzre, 9.98 inches of mercury absolute;
temperature, 77° F (ref. 17).

ignition energy of a flammable nisture is the total energy
dissipated in the weakest spark that will just cause ignition.

(2) Quenching distance: The quenching distance is the
electrode spacing marking the farthest penetration of the
flame-quenching effect of the solid material. At this spacing,
the ignition energy is 8 minimum; below this spacing, the
energy increaaes.

(3) Electrostatic sparks: Electrostatic sparks are those
sparks generated by friction, impact, press~e, cleavage,
induction, successive contact and separation of unlike sur-
faces, and transference of fluids. They are the same as
capacitance sparks, the ohly diilerence being in the mrmner
in which the energy is generated. Data for electrostatic
ignition energies would be the same as those determined for
capacitance-spark iggtion’energies.

(4) Breakdown voltage of spark gap: The breakdown volt-
age of a spark gap is the lowest voltage that maybe applied
to a spark gap and yet cause a spark to be formed. This
voltage should be distinguished from the spark discharge
voltage, which is the voltage appearing across the spark gap
during the life of the spark or discharge.

(5) Spark discharge: A spark occurs upon the electrical
breakdown of a gap. It marks a transition from a non-
selkustaining discharge’ (sometimes called dark discharge)
to one of several types of self-sustaining discharge and
usually takes place with explosive suddenness. The most

[. I , 1 , t

Sphere Electrode
Siz< spa@lg,

Fuel in m

FIGUR~109.—Effect of mixture composition on minimum spark-
ignition energy of mistnres of benzene and air or natural gas and
air. Capacitance spark; prwaure, atmospheric; room temPem-
ture; eleatrode spacing not maintsiined at quenching distance;
electrode, stainl~teel spheres (ref. 73).
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duration (600 to 900 miorosco) capacitance spark; pressure, 3
inohes of meroury absolute; temperature, 80° F; electrode epaaing,
0.26 inoh (within quenohing distance) (ref. 75).

important of the self-sustaining discharges are the glow and
arc dischrmges. The type of discharge that results upon
spark breakdown of a gap depends upon the gas prwsure,
the gap length “md shape, the nature of the applied voltage,
and the constants of the external circuit.

(6) Glow-discharge: The glow discharge is a self-sustained
discharge characterized by a glow over a considerable portion
of the cathode electrode, low current, high voltage drop in
the region close to the cathode electrode, small current
densities at the cathode electrode, and generally a wmk
appearance.

(7) Arc dischmge: The arc discharge is a self-sustained dis-
charge chmacterized by an interke spot at the cathode
electrode, high current, low voltage drop at the cathode
region, large current densities at the cathode electrode, and
generally stiong appearance. It is the only type of discharge
capable of supporting high currents.

h discussing the parametem that affect the rmergy re-
quired for ignition using capacitance sparks, much of the
older data is disregarded, because it does not contribute to the
subject of spark ignition in the light of present lmo-wledge.
For example, in most of the older work electrode spacings
shorter than the quenching distance were used, and many
deductions using such information are erroneous, as pointed
out in reference 5. Therefore, such information is used only
where necessary to show a trend, and it is indicated that such
data were obtained within the quenching distance. The
important test conditions are generally included in the
figure legends.

Mi.xhre cornposition.-The effect of mixture composition
on minimum ignition energy of quiesc8nt mixtures (refs. 17
and 73) is shown in @urea 108 and 109 for three electrode
configurations, various spacings, three fuels, and two pres-
sures. The curves show that welldeilned upper cmd lower
ignition limits exist and that a minimum value of energy is
required at a fuel composition of the order of stcichiometrio.
For most fuels, the minimum falls on the rich side of stoichio-
metric. For example, the following table (obtained from
ref. 74) shows the minimum points of the curves for n number
of d.itlerenthydrocarbon fuels ignited at ahnospheric pressure
with the same electrodes used to obtain the data in figure 108:

Flammable

Methane----
Ethane -----
Propane----
n-Butane----
n-Hecmne---
n-Heptane-.
Cyolopropne.
C&:e:e!:

Diethyl e&r.

Fuel

fumd-
air

mix-
ture,
per-
cent
by

vol-
ume
845
6.61
5.07
4.53
3.64
3.36

%
4.67
5.30

Peraent fuel in fuel-air mixture
Percent fuel in stoiohiometrio

fuel-air mixture

0.88
1.17
1.26
;.;;

1.82
L 45
1.75
1.76
1.67

Lord
mJr#

jotli

):;;

.26

.26

.24

.26

:E
.21
.19

Data in -e 109 for benzene are higher than shown in the
table beta-me the electrode spacing -ivfi within the quenching
distance.

The effect of mixture composition on the minimum spark-
ignition energy of flowing propane-air mixture at 3 inches of
mercury absolute with a longduration capacitance spark
(ref. 75) is shown in figure 110. The general trend is the
same as for quiescent nixtures; however, the energy levels
increase -withvelocity as described in n subsequent section.

The data show that, under proper conditions of fuel-air
ratio, the energy required can be extremely low. Any de-
parture from this fuel-air ratio requires higher ignition
energies that tend toward idn.ity as the flammability limit
is approached. The:-eme importance of locating spark
plugs in the proper mixture zone in a combustor is indicotwl.
~ 30 I 1 I
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Fmmm 111.—Effeot of electrode material and electrode spaoing on
rninfmum spark-ignition ener~ of flowdng 5.2 percent by volumo
mixture of propane in air. Long-duration (600 raicroseo) copaoi-
tanco epark; preesure, 3 inches of meroury absolute; temperature,
80° F ‘(ref. 18).
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FIcmm 112.—Effeot of spark duration on minimum spark-ignition energy of flowing 5.2 peroent by volume mixture of propane in air. Long-
dnration capacitance spark; tempera- 80° F; electrode spaoing, 0.25 inoh (within quenching distance) (ref. 7S).

Fuel type,-The type of fuel has a definite irdluence on the
minimum ignition energy, as shown in the appendix. Refer-
ence 76 presents amalysesof a number of fuels with respect
to molectiar weight and arrangement of compounds with
tho following conclusions:

(1) Hydrocarbon ignition energies decrease in the order:
alkanea>rdkenes> alkynea.

(2) An increase in chain length or chain branching in-
crcasea ignition energy.

(3) Conjugation genemillylowem the ignition energy.
(4) For long chains, the effect of structural variation is

small, but for short chains, the effects are much larger.
(5) Negative substituent groups res.ilt in increasing igni-

tion energy in the order: mercaptan<alcohol<chloride<
amine. The effects of chlorine and amine groups are par-
ticularly large.

(6) Primary amines increase ignition energy more than
secondary or tertiary amines.

(7) Ethers and thioethera increase ignition energy.
(8) The peroxide group lowers the ignition energy

grently.
(9) Esters and ketones increase ignition energy greatly,

but aldehydes raise ignition energy only slightly.
(10) Ignition energies for compounds containing three-

membered rings are very low, particularly when oggen
is in the ring.

(11) Saturated compounds containing six-membered rings
have relatively high ignition energies, but those of five-
membered rings are about average.

(12) Ignition energies for aromatics are simiku to those
for linear hydrocarbons containing the same number of car-

“ bon atoms.
Basic studies of ignition of fuel mists or spra~ in air, a

very important aspect of fuel type, have not appeared in
the literature because of problwns associated with wetting
of electrodes, energy absorbed by heat of vaporization,
measurement of drop size, partial vaporization of droplets,
and volatility of fuel. These variablea may ailed the
energy to such an extent that theories and empirkd correla-

tions formulated for gaseous fuel mixtures may not be
applicable to liquid fuels.

Electrode spaoing’.—The effect of electrode spacing for
various electrode configurations on the minimum spark-
ignition energy (refs. 17 and 18) is shown in figures 84 and
86. With the unflanged electrodes and irrespective of press-
ure, aa the spacing is increased from low values, the energy
required decreaaea. At atmospheric pressure, the energy
remains constant with further increase in spacing. Eventu-
ally, the energy will rise again at much larger spacings.
This constant energy portion is not observed at low pressure.
With flanged electrodes, a spacing can be found below which
ignition cannot be obtained regardless of the energy supplied.
This spacing defines the quenching distance that has been
previously described.

The quenching distance also varies with composition, as
shown in figure 108. The shape of the curve roughly paral-
lels that of the energy curve. The data show that, to obtain
easiest ignition, electrode spacing must be changed as the
fuel-air ratio is changed.

Eleotrode type.-Varying the electrode material has no
signiiieant eflect on the ignition energy of a flammable mix-
ture with capacitance sparks of short duration. Ignition of
gaseous mixtures by sparks from platinum, nickel, zinc,
ahminurn, lead, brass, and steel electrodes was -unaffected
by electrode material (refs. 60 and 77). Ho-ivevar,reference
18 shows that, with longduration capacitance sparks, there
may be an indirect effect of electrode material. This refer-
ence indieates that ignition energiw u be different for tie
different materials, depending upon the type of discharge
produced. Figure 111 shows that stainks-steel electrodw,
which produced a glow dischaqge, had ignition energies 50
percent higher than cadmium electrodes, which produced a
discharge starting as an arc discharge and ohanging to a
glow discharge. If the type of discharge was a glow dis-
charge, varying the eleotirodematerial had a negligible effect.

The eifect of electrode codiguration is also shown in figure
85. It may be concluded that the effect of electrode size is
negligible at the quenching d@ance ~0.56 in. at this condi-
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FIGURE113.—Effect of mixture veloci@ and pressure on minimum
spark-ignition energy of flowing 5.2 percent by volume mixture of
propane in air. Long-duration (600 microsec) capacitance epark;
temperature, 80° F; electrode epacing, 0.26 inch (within quenching
distance) (ref. 75).

tion)u At spacings less than the quenching distance, the
larger electrodes require more energy than the smaller elec-
trodes because of the inerensed area for quenching to take
place.

Condenser voltage.-The effect of condenser voltage on
the ignition energy of a flammable mixture is negligible.
That is, the ignition energy required is unaffected by increas-
ing tlie condenser voltage as long as the capacitance is re-
duced to maintain the same stored energy. Reference 78
reports that the volt age could be varied horn 1.6to 5.8 kilo-
volts without changing the ignition energy required.

Spark duration.-The effect of increasing the spark dura-
tion in the range of 125 to 25,000 microseconds (ref. 75) is
to increase the energy required approximately as a power
function of the spark duration (fig. 112). This increase is
due to disbbution of the energy over a larger volume. How-
ever, at extremely short spark durations (2 microsec), the
energy is considerably higher than that of the majority of
the longerduration sparks. Reference 18 suggests that the
increased energy is due to the energy distribution along the
spark length.

Oscillation frequency.-Some referencw (e. g., rcf. 79)
state that electrical processes are more important in the
spark-ignition process than any thermal processes. The
research used as a basis for this viewpoint is that described
in reference 80, in which the igniting power of a spark

generated by a condenser-inductor combination incrmsecl
~lth decreas-tig oscillation frequency of the current wove of
the spark. However, as pointed out by Lewis nnclvon Elbc
in reference 5, the tests were run under qucstionoblo con-
ditions; that is, all the work was carried out with electrode
spacings shorter than the quenching distance. Hence, some
sort of quenching test was conducted that gave no inforrnw
tion regarding electrical processes. Referenco 7S reports
the addition of inductance to the apparatus in an attempt 10
determine the effect of oscillation frequency on ignition. At
the quenching distance, no effect of reasonable imluchmco
addition was found. Hence, in the light of the recmt work,
it must be concluded that inductance lMS no effecL on
ignition. One qutication might be added: In some cnsw
where high-energy ignition systems are being used, Lhc
addition of inductance might change the duration of the
discharge and so affect the ignition energy required.
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2U9 ,

I?mmm 116.—Co@ation of non-turbulent-flow ignition-mer~ data.
Fuel, propane; fuel-air ratio, 0.0835.

Sparking rate,—The effect of sparking rate is described
briefly in referepce 81, in which an induction coil was used to
produce sparks. However, the sparks produced were a
seriesof capacitance sparks from a characteristic capacitance
in the circuit. The first spark caused ignition if ignition
occurred at all. The passage of two to ten additiomd sparks
had no effect, This was believed to be because of somewhat
lower voltage (and energy) in sparks following the first.
These tests were conducted with spacing within the quench-
ing distance and are therefore open to question. It is con-
ceivable that,’ if the sparking rate is sufficiently high and
sparks following the first could be generated in the heated
zone left by the first spark, some effect could be observed.

Mixture veIocity.-hcreasing the velocity of flow of a
combustible past the electrodes increases the energy required
for ignition (ref. 75), as shown in figure 113. Over the range
of velocities indicated (5 to 54 ft/see), the energy increases
approxinmtely linearly with velocity. At higher velocities
(ref. 82), the energy increases much more rapidly (@g. 114).
The velocity causes the spark to be blown downstream,
thereby lengthening the spark path and causing the energy
to be distributed over a much larger volume. Such distri-
bution depends on the gas velocity and spark duration. A
theory is proposed in reference 83 to correlate the param-
eters of density, velocity, spark duration,. electrode spacing,
fuel constants, and energy. This theory is based on the
icleu that the’ total energy 17tiof the spark may not be the
important fictor in ignition of flowing gases with long-
dumtion sprirks. The spark is considered to move down-
stream at stream velocity US in the form of a square-
corrmred U. The legs of the U will be continuously length-
ening, but the length s (corresponding to electrode spacing)
will remain constant. It is considered that this lengths is a
line source df ignition moving at mean stream velocity and
is the important part of the spark The energy in this line
source Eu is calculated by making certain assumptions as

4ool%G&!21

to the reamer in which and the rate at which the energy
goes into the spark. The energy is calculated as follows:

(15)

where
Eti energy in line source, joules
8 electrode spacing, ft
E{, total ignition ,energy, joules
U. gas velocity, ft/sec
b spark duration, sec
The energy Eti heats a cylindrical volume of the combustible
of length s and radius r. .The radius is found by assuming
the requirement of ignition is that r must be of such size
that the rate of heat generated in the volume must be equal
to the rate of heat lost by conduction. An equation relating
the rate of heat generated and rate of heat lost determines
the critical size of ~. Once r is determined, the amount of
heat required to heat the volume of radius r and lengths to
flame temperature can be calculated. This heat should be
equal to the heat Eti from the spark, resulting in

$& ulog 2ug:+8 (16)

for alectrode spacings equal to or less than quenching dis-
tance do; or

Ugt, 2ugt,+s
— Cclog ~
pE~Z

(17)

for electrode spacing greater than d,. A plot of equations
(16) and (17) is shown in @e 115 for data obtained from
references 7&and 83. Hence, from this analysis it may be
concluded that only a portion of the spark length is impor-
tant in ignition of flowing gases by longduration sparks.
Energy in the remainder of the spark is dissipated without .
any help to the ignition process.

Turbulence.-If a turbulence promoter such as a wire
screen is placed upstream of the electrodes in a flowing com-
bustible gas (ref. 82), the energy required increases with the
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FIG~ 117.—Effeot of varying pressure of 8.5 to 9.5 percent by
Vohsme mishns of methane and air on minimum spark-ignition
energy. Capacitance spark; temperature, 77° F (ref. 78).
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wim size of the turbulence promoter and with decreasing
distance from turbulence promoter to electrodes (fig. 114).
The energy increases with those factom that increase the
intensity of turbulence. The idea of a line source of igni-
tion has been applied to turbulent ignition data similar to

‘ those shown in figure 115 (ref. 83). All the concepts con-
sidered in the previous section were used except that the rate
of heat loss was assumed to depend upon the intensity of
turbulence. This analysis showed that, at constant pres-
sure,

(18)

A plot of this relation is shown in @me 116. Hence, the
energy in the line source of ignition depends directly on the
intensity of turbulence. The effect of scale of turbulence is
negligible at this condition.

Pressure,—Pressurehas a pronounced effect on the ignition
of CLflmnmable mixture (ref. 78), as show-nin iigure 117, in
which the minimum ignition energy increases with decreas-
ing pressure. For most fuels, the energy varies inversely as
the W power of pressure, where b is approximately 2. If
the pressure is reduced sticiently, a pressurewill be reached
(minimum ignition pressure) below which ignition is limited
by some factors of the apparatus such as electrode spacing,
size of ignition chamber, or available energy. Whether
there is an ultimate limiting pressure haa not been deter-
mined, Therefore, all the following data are apparatus-
limited.

Figure 118 shows the energy increasing as the pressure
decreases toward the minimum ignition pressure in twts
(ref. 84) with constant electrode spacing. This curve is a
combination of two separate effects, pressure and quenching.
That is, as the pressure is reduced, the electrode spacing is
effectively moved farther within the quenching distance,
since the quenching distance increases with decreasing
pressure. DMerent fuels exhibit different minimum pres-
sures, M shown in figure 118 and the following table (ref. 84):

Minimum
Fuel ignition

%%g?h;

%;EE;::::::::::::; ::::::::::::::::::::::
0.4.5
.75

l, YButidene --------------------------------
%Butcne ------------------------------------ 1: E
n-Butane and iwbutine ----------------------- 1.14
Benzene ------------------------------------- L 10
2,+Dimethyl-1,3-pentadiene------------------- 1.30
n-Nonnne ------------------------------------ 1.30

~Obtnhmlwithcnpmltanca~k; tem~tmq 7&toW F;ddrcde qmdJw,O.UOIn.
(kmthenqnenchtngdlstnms);enavY,8.04j.

Lower pressures than these could have been obtained if the
tests had been conducted in apparatus of sticiently large
size so that quenching could not occur. The importance
of apparatus size has been emphasized in the quenching
discussions.

Pressure limits for some of the petroleum fuels in air at
room temperature have been determined as follows:

Minimum
Fuel ignition

pwure,’
in. Hg abs

100/130 Grade aviation gasoline ------ 0.03
115/145 Grade aviation gasoline------ 1.50
Grade J1-3 jet fuel ----------------- 1.50
Grade J&4 jet fuel ----------------- .51
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1Reference

s Obtalnsdwithcapacitancezpr~ tern~~ W F;electrodespeclng,].0!n.

Minimum ignition pressures are also a function of the

mixture composition (ref. 84), as shown in @ure 119. The
lom-est pressure OCCUIWat about 7.5 percent mixture ratio
and on the lean side of stoichiometric for methane. Hydro-
gen also has the minimum on the lean side (ref. 84). I?or
heavier hydrocarbons, such as propane and n-butane, the
lowest pressure occurs on the rich side of stoichiometric.

This phenomenon may be due to relative cWle.rences in
*ivities of air and the fuels. Air has a diffusivity less
than hydrogen and methane and greater than propane
and n-butane.

In determining the effect of pressure on ignition energy,
consideration must be given to the choice of electrode
spacing to be used, since the quenching distance is also a

function of the pressure (ref. 76). This is demonstrated in
figure 120, which shows that the quenching distance in-
creases with decreasing pressure. A complete relation
between electrode spacing, pressure, and minimum ignition
energy is shown in figure 121.

-14!2

*

5 Elec
Vv

9.92 @a

A-A A-
h

1
.2 .4 .6

-1

@umticm

Electrcde spxing, S, in

FIGP 121.—Effect of electrode spacing and premre on minimum
spark-ignition ener~ of 9.5 percent by volume methane in air.
Capacitance spark; temperatur~ 77° F (by permission from ref.
78) .
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The fact that the electrode spacing for minimum ignition
energy increases with decreasing pressure may be explained
by assuming that n certain spark-ignition energy can
initially ignite a certain mass of flammable mixture. If
the pressure is decreased, the mass occupies a larger volume,
and hence the electrode spacing must be increased so that the
spark will be of snflicient size to ignite the larger volume.

In the determination of minimum ignition presure9,
mprtcitance sparks of high energy have been used to over-
come the quenching effect of the electrodes (ref. 84). Figure
122 shows the effect of electrode spacing and energy on
minimum ignition pressure for n-butane and 2,2,4-trimethyl-
pentane. The data show that the higher the energy, the
less the effect of spacing on pressure. The energy of 8.64

iii

j
z

Electrodespociy, s, in

(a) n-Butanq 3.5 percent by volume.
(b) 2,2,4Trimethylpentane, 2.5 peroent by volume.

Fmwrm 122.—Effect of electrode spaoing on minimum ignition pre-
ssure. Capacitance epark; temperature, 70° to 75° F; sparkplug
electrodes (ref. 84).

joules that is used with a spacing of 0.110 inch ignites at
pressures close to the minimum of the curves; and, conse-
quently, not much is gained by the wider spacing, although
the optimum spacing would be greater than 1 inch.

Temperature,-The effect of increasing the temperature is
to lower the minimum ignition energy, as show-nin the fol-
lowing table taken from reference 86:

Fuel

Carbon titide-.--------.-----.

*Heptine ----------------------

bctie -----------------------

*Pentme ----------------------

bpane ------------------------

Propene oxide -------------------

Tempera-
ture, “F

–22
–4

2X
340
347

–40
– 22

–4

1:;
180
212
399

● DdcrmhwlwithcaPwJtsnmsrmrk,atmmherlamcsstua,mldaangcdelcohvdc%

From these data, a correlation was obtained relating energy
and initial temp~ature of the mixture. This relation was of
the form

E,Z=G%” (19)

where C and Zare constants that are different for the various
compounds.

The same trend of lower ignition energies with incrmsed
temperature is shown in reference 87 for a flowing propane-
air mixture and long-duration capacitance discharge. Tho
correlation of this data was based on theoretical consider-
ations which resulted in the relation

In
E,e 1

(

# (20)
KC, 1962+ To

)(
1962–; To

)
1962+: TO

The minimum ignition pressure is not aflected gnmtly by
changing the temp~ature horn –50° to 300° F (ref. 84),
Figure 123 shows a slight linear decrease in pressure with an
increase in temperature in this range. This decrease is in the
proper direction to be the result of decreaaed quenching
caused by increased temperature, aa disoussed previously,
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Mixture tempemture, ~, ‘F

(n) 2,2,4-Trhnethylpentane in air, 2.5 percent by volume.
(b) n-Butnne in rdr, 3.6 percent by volume.

FIGURII 123.—Effect of mixture temperature on minimum spark-
ignition premure of mistm of 2,2,4trimethylpentane or n-butane
in air. Capacitance spark; sparkplug electrodes; eleotrode epac-
ing, 0.11 inch (within quenohing distance) (ref. S4).

Diluents,-The addition of rLdiluent to a combustible gas

has a marked effect on the minimum ignition energy (ref. 78).

It should be expected that the minimum ignition energy
depends upon the absorptive and conductive qualitiea of any
additive that might be present in the fuel, as well as upon the
fuel itself. This is shown to be true in figure 124(a). If the
nitrogen in a methane-air mixture is replaced with helium,
the energy increases; if replaced by argon, the energy de-
crease9. With the exception of the methane-oxygen-argon
mixtures, the minimum ignition energies increase with in-
creasing d.ilfusivity of the mixture according to reference 88.
The quenching-distance curves (fig. 124(b)) are similar to
the energy curves.

The effects of diluents on minimum ignition pressure of
nixtures of n-butane and oxygen with argon, nitrogen, car-
bon dioside, and helium (ref. 84) are shown in iigure 125.
In all cases, mixtures containing argon are the most easily
ignited; fixtures containing carbon dioxide are the least
easily ignited. Humid.iw, which might be considered as a
diluent, would replace some of the oxygen and would thus
cause higher ignition energies. This effect has not been
determined experimentally. The effect, if any, is probably
small and can be neglected in most cases.

IGNITIONBYmDUCTtiCESPARKS

The difference between inductance sparks and capacitance
sparks has been explained previously. The energy stored in
an inductance is

EL=; Li2 (21)

Where

l?~ energy, joules

L inductance, henry
i current in circuit at instant of sparking, amp

Mixture composition, pressure, and temperature.-The
effect of mixture composition, pressure, and temperature on
minimum ignition energy with inductance sparks is sim.ikm
to that obtained with capacitance sparks. However, with
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FrGuR~ 124-Effect of diluente on minimum spark-ignition energy
and quenohing dietanoe of methan~xygen-diluent rrdxtures.
Capaoitince spark; pressure, atmospheric; temperate, 77° F (by
perrnimion from ref. 78).

inductance sparks, much of the data have been obtained
using the current in the primary of a transformer as an
indication of the energy in the spark gap. Since this
method does not give actual energies, the data are practically
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FIGURE125.—Effeot of diluent on minimum ignition presmrea of
n-butane+xygen-cliluent mixtures. Capacitmce spmk; temp=-
ture, 74° to 82” F; electrode spacing, 0.11 inch (within quenching
dktance); igaition erierg, 8640 millijoules (ref. S4).

useless both to the ignition-system de4gner and to the
researcher. Alsoj much of the data has been obtained
with spacings less than the quenching distance. For this
reason, no further discussion will be given concerning these
variables. References 89 to 95 give most of the information
on inductance sparks.

Electrode spacing.-As shown in figure 126, the curve of
minimum electrode spacing against composition is very
similar to those obtained with the capacitance spark (fig.
124(b)). The quenching distances with inductance sparks
appear to be slightly lower than those obtained with capac-
itance sparks.

Electrode material.-The available data on inductance
sparks indicate that, unlike capacitance sparks, ignition
energies of flammabl~ are aflected by changes in electrode
materials. Electrodes of platinum, nickel, copper, ahr.mi-

FIGURE126.—Effeot of mixture composition on rnirdmum olootrode
spacing in ignition of methan~air mis~ure. Induotanco spark;
atmospheric pressure and temperature; eleotrode configuration,
0.394Anoh-diameter platinum disk and sharply pointed platinum
oone; primarg-cirouit current, 1.0 ampere (ref. 90).

num, andiron have been used to ignite ethane-air and mrbon
monoxide-air mixtures (ref. 91). Decreasing the density
of the electrode material generally decreaaed the amount
of en6rgY required to ignite the flammable mixture. No
separation of the types of discharge (i. e.) ~C or glo~v) ~Vas
made; thexefore, no comparison can be made with the rcsulta
obtained tith the long-duration capacitance sparks.

CSrouit inductance and voltage.-The energy storecl in on
inductance is determined by a simple relation with inductcmce
and current; however, two factors that cnn be premnt may
cause errors in calculations. These factors are the type of

inductance used and the circuit voltage. Sometimes, in
order to obtain large energies, it is necal~ to Use ~-
duci%nc~ tith metal cores, iII Ivhich -e some enOr~Y
losses occur in the core material, as can be conolucled from
the following table (ref. 92) (14 layers of i.mluctoncocore
winding in each ease):

Ciroldt Circuit Ignition
ml% of Coil induct- aurrent, cmerpies,”

ante, L, i, amp millijoules
henry

&------.--------_------- 0.01 (t.35 0.6
Straight iron bar----------- .07
Rectangular iron frame ----- .56 ; i; 2:

* MMen ofml m anderratafmmspherhprwmreandtempamium.
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Hence, the effect of type of inductance (if losses are present)
is higher readings than are actually prwent in the spark.

When sparks me generated by opening contacts through
which current is flowing, a sufficiently high circuit voltage
crmses current to flow across the gap for a short time after
the stored energy is dissipated. The amount of extraneous
energy cttusedby this aftercurrent increases with the circuit
voltage. Therefore, since the actual ignition energy in the
spark gap is the sum of the stored energy plus the extraneous
energy, any ignition-energy values based on calculated
stored energy will be too low. This effect is show-nin the
following table from reference 93:
I I I I I

Circuit Circuit
Circuit inductance,

.Spark-
po:ote:jal,

L, henry
current, ]gnition
i, amp energy, *

millijoules

0,0214 -------------- 0.77 6.35
22: .35 1.30

0,012--------------- 1.025 6.30
22 .4 .96

. IWltlonof8.0pemwntbyvolumemlsbxeofmethaneInairatatmomheriapresmueend
tmlpcroture.

Current type,-Whether the current is alternating or
direct ctppearsto have no effect on ignition with inductance
sparks (ref. 94).

SIGNIFICANCE OF BASIC QUENCHING, FLAMMABILM’Y,
AND IGNITION DATA IN RELATION TO AIRCRAFT

PROPULSION PROBLEMS

The data presented show the environmental conditions
under which ignition and flame propagation in hydrocarbon-
air mixtures may be obtained. With a fuel-air mixture con-
tained in an apparatus large enough to preclude quenching,
there are practically no limits to the conditions under which
ignition and flame propagation may be obtained except the
concentration limits of flammability. Hence, if proper
mhitures can be produced in an aircraft combustor, there
should be no basic limitation insofar as ignition and flamma-
bility are concerned in the over-all aircraft proptilon
problcm. However, practical limitations arise at present
bccrmse of the finite size of combustors, the presence of
turbulent flow, and the limited energy available from ignition
sources. There are some areas in which more work is
needed. The quenching, flammability, and ignition of fuel
sprays and mists have not yet been studied sticiently.
The effects of veloci@ and turbulence on flammability are
still somewhat in doubt.

As yet, there is no unified theory that is able to predict
quantitatively the limits imposed on combustion by quench-
ing, flammability, and ignition from a knowledge of the
basic physical and chemical properties of a combustible
mi..ture. However, some qualitative ideas can be presented
on the basis of present knowledge. The ideas are discussed
under the three main types of work described in this chapter.
Correlations of fundamental combustion properties and com-
bustor performance, which at pr-ent must largely take the
plnce of a general quantitative theory, are given in sub-
sequent chnptem.

QUENCHING

The quenching efhxt of walls is always present when a
flame is enclosed by a duct. If flame propagation is to
occur, the dimensions of the volume to be burned must be
larger than the quenching distance at the lowest pressure
and most unfavorable fuel-air ratio encountered. Even if
the flame is stabilized and is in no danger of being quenched
by the walls, the dead space still exists and may be appre-
ciable under some conditions. Thus, it should be noted that
the full cross section of the chamber is not available for heat
release.

In some current tubular-combustor turbojet engines, only
two of the ohambem are fitted with spark plugg. The
remaining chambers must be ignited by the spread of flame
through cros-s-fie tubes. Altitude starting performance
should therefore be adversely affected by quenching of the
igniting flame if the cross-tie tubes are too narrow.

Recent work indicates that homogeneous gas-phase
quenching may also occur because of turbulent motion.
Thus, it ispossible that measurestaken to increase turbulence
and thereby improve mixing or extend the residence time of
the fuel in the combustor may actually result in no change
or even a decrease in combustor performance.

~mrrY

A self-sustained flame cannot exist in a mixture unless the
fuel concentration is within the flammable range under the
given conditions. Consequently, excessive dilution of the
burning zone with either fuel or air must be avoided. It
should again be pointed out, however, that flames sustained
by a continuous ignition source such as a pilot may some-
times exist at over-all fuel-air ratios outside the range of
flammability.

The effects of diluents must also be considered. I?or
example, if it is required to burn fuel in an atmosphere con-
taining exhaust products, substitution of carbon dioxide
and water vapor for some of the oggen originally present
will narrow the flammable range. If the exhaust products
are hot, the increased temperature may tend to compensate
for this naxrowing. Such questions might arise, for example,
if a pilot flame is required to burn in the presence of recircu-
lation from the main combustion zone of the combustor, or
in the case of an afterburner.

IGNITION

Ignition in the high-speed combustor can be accomplished
by any of the methods discuesed; however, practical consid-
erations may make some of them infeasible. For emmple,
ignition by electrically heated surfaces is very ineilicient
compared with ignition by electrical discharges. Not only
must the mass of the heated surface be raised to the required
temperature, but also a larger volume of gas must be heated
because of the longer times required to attain ignition.

Flames or hot gases can be effective ignition sources, but
there must be available an additional ignition source to
produce the flame or hot gas in the fit place. In aircraft
at adveme starting conditions, it may be just as ditlicult to
ignite the pilot as it would be to ignite the main combustible.
Ignition by electrical discharge, therefore, appeam to be the
most feasible method.
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The ideal environmental conditions for ignition by elec-
trical discharges are as follows:

(1) High preure
(2) High temperature
(3) Low gas velocity and turbulence
(4) Location of spark in zone of best mixture composition
(5) Gaseous fuel-air mixture

—.

(6) Electrode spacing maintained at quenching distance
(7) Optimum spark duration

Obviously, it would be impossible to satisfy all these require-
ments in an actual combustor, but any attempt to satisfy
as many as possible would result in lower ignition energies
and lower-weight ignition systems.

Whether capacitance or inductance sparks are the better
for ignition is a point for consideration. The data presmted
herein show that capacitance sparks can be varied readily
over a tremendous energy range, whereas inductance sparks
may possibly be limited to those applications where low
energy is required. On the other hand, if the data on the
effect of spark duration using longduration sparks are used
as an indication of what might happen with inductance
sparks, there may be some instices where inductance
sparks are superior to capacitance sparks. It appears,
then, that a choice between the two systems depends upon
the nctual energy required. D~ign and operation of the
ignition systems producing these two @pa of sparks might
be the important factor in selecting the type of spark to be
used.

The fact that there is a minimum contact time, or ignition
lag, for ignition by heated surfaces, hot gases, or pilot flames,
introduces the possibility of an efFectof such ignition sources
on the combustion efficiency of combustom that utilize
them. If the flow rate in a given burner is iixed, 100-percent
combustion efficiency can be obtained only if there is sti-
cient residence time for the mixture to be ignited and for the
flame to consume the mixture as rapidly as it flows into the
chamber. The consumption tie depends upon the burning
velocity under the given conditions. Therefore, if the
required time for contact with the ignition source is exces-
sively long, insufficient time for burning may remain before
the mixture leaves the burner; that is, only part of the fuel
may be consumed, and the combustion efficiency may fall
below 100 percent.
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CHAPTER IV

LAM(NAR FLAME PROPAGATION

By GORDONL. lXJGGE~IIOROTETM. S~ON, and MELVINGERSTEIN

INTRODUCTION

The ultimate goal of fundamental studies in lamimw flane
propagation is a complete knowledge of the chemical kinetics
of the flame reactions. With a lmowledge of the kinetics,
the effects of vmiables on the propagation rate could be pre-
dicted and the problems of combustion-chwnber design
could be approached with greater confidence. Unfor-
tunately, however, the experimental problems involved in
the study of kinetics at high temperatures are yet to be
solved. Consequently, current studies of the combustion
process are necessarily conducted in terms of the kunimm
flame velocity, minimum ignition energy, flammability limits,
and quenching distance. Theoretical interrelations that are
in accord with the experimental results indicate these to be
fundamental properties of the mixture when properly
measured. Correlations between some of these properties
and engine performance parameters show that the results of
such studies may be of considerable practical value in the
aircraft propulsion field.

Available information on lami.nar flame propagation is
summarized in this chapter. Characteriatica of larnimw
flames-the structure of the combustion wave and the rela-
tion of direct, schlieren, and shadow photography to that
structur~me considered. Also discussed are methods of
measuring flame velocity, along with effects of physical and
chemicnl vrwinbleson flame velocity. A brief survey of the
theory of laminar flame propagation is presented, with par-
ticular emphasis on the Semenov (thermal mechanism) and
Trmford-Perwe (active-particledifl%sion mechanism) equa-
tions for flame veloci~. The more significant q?erimental
evidence in the controversy concerning thermal against
difilsional mechanisms is also discussed. I?inally, experi-
mental data and methods of pred~cting flame velocity are
summarized with respect to their significance and application
to practical problems of combustion.

SYMBOLS

The following symbols are used in this chapter:
cross-sectional area
Avogadro number, 6.025X 10n molecties/g-mole
esponent
dimensionless quantitiw
height of luminous cone
flame velocity coefhcient
concentration, molecules/cma
exponent
specific heat at constant pressure
diffusion coefficient, cm’/sec

d diametar
collision diameter, cm
activatiori energy, Cal/mole

expansion ratio of gas mixture

function
mass-flow rate per unit area, fg/(cm~ (see)

total enthalpy, Caljg
rate of production by chemical reaction

Coustant
specfic rate constant

empirical proportionality factor
average proportionality constant
length of curve
length of flame boundary
molecular weight

ratio of moles of reactmts to moles of products
number of C-H bonds
steric factor

presmre
heat of reaction, cztl/molecule of reactmt

amount of heat extracted
universal gas Ccmsttit, 1.987 cal/(°K) (mole)
iadial di9tance

distance between flow lines
surface area
slant height
temperature
reaction-zone thickness, cm
time
veloci~
volume flow rate
mole fraction

distance
collision number, number of molecular collisions per

(cm’) (see) when concentration is 1 molecule of
each type per cms

angle between direction of approach flow and burning
surface

ratio of specfic heats
cp(z’-z’o)/Q,,
thermal conductive@, caI/(cmz) (see) (“~/cm) .

absolute viscosity, poise
probability of occurrence of chain-brmching reaction
probabili~ of occurrence of chain-breaking reaction
density
equivtdence ratio
molar ratio, 0~(02+~z)
reaction rate, (molecules of reactant) /(cm3) (see)
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Subscripts:
am ambient
au average
b bomb
& circumscribed
d diffusion
e$ effective
eq equilibrium

flame
: fuel
jin iinal
9 grls
i iti speci~
@ ignition
ins inscribed
j jti species
1 lower
lin linear
m mean
max maximum
o oxygen atom
0, o.sygen molecule
o initial conditions
P pot entird
rd relative
rt reactant
st stoichiometric
t total
tube tube
u upper
w weighted
3 inflection point

CHARA~ERISTICS OF LAMINARFLAMES

A flame is a rapid, self-susttig chemical reaction oc-
curring in a discretereaction zone. Reactants may be intro-
duced into this reaction zone; or the reaction zone may
move into the reactants, depending on whether the unburned-
gas velocity is greater or less than the flame velocity. The
fl~me velocity, which is also called burning velocity or normal
combustion velocity, is the velocity at which unburned gas
moves through the combustion wave in the direction normal
to the wave surface. This definition refers to the velocity of
unburned gas relative to the flame front as determined at
some point beyond the influence of the flame; that is, at a
point where the gas velocity has not yet been altered by
either heat conduction born the flame or the pressure field
set up as a result of the thrust pressure of the flame. It is
obvious that, different types of flame photography and
diilerent methods of measurement and computation from
flame photographs would give different results, depentig on
how closely the photographs and measurements approximate
the true relation between the reference gas velocity and the
flame tint.

The preheating of the gas by heat conduction from the
flame reaction zone is best understood by considering the
temperature profile for a laminar flame and the relation of
each type of photography to some point in the temperature
profle ris determined by theoretical considerations and ex-

perimental evidence. The bending of unburned-gas flow
lines due to the pressure field receives less attention than the
preheating effect in this chapter, since its effect on flame
velocity measurements is generally less important.

TEMPERATUREPEOPILE

Three experimental techniques have been used recently to
determine temperature proties:

(1) Travers@ tith tie thermocouple (refs. 1 and 2)

(2) Traveming tith very fine slit of light and determining
flame temperature from refractive index (ref. 3)

(3) Tracing curved path of stroboscopically illuminated
dust particle and computing temperature frommuumre-
ments of its direction and velocity (refs. 4 rmd 6)

Friedman (ref. 2) used a ceramicaat ed thermocouple mado
by gas-welding 0.0012-centimeter platinum and platinum-
10-percent-rhodium wires to traverae a very lean propane-air
flame (flat flame on 25-cm burner; maas air-propane ratio,
29.2; flame thickness, =2 cm; pressure, 0.0594 atm), The
resulting temperature proiile had a shape similar to that of
figure 127. The significance of such a temperature profile is
as follows: At the point z., the temperature of the unburned
gas has just begun to increase because of the heat conducted
from the flame reaction. The temperature rises rapidly
until the equilibrium flame temperature T~ is reached at a
point xF.. These boundaries me not defined omctly, since
the limiting values T. and TF are approached asymptotically;
but the convergence is very rapid, so that the boundaries can
be defied ~thin narrow limits of T.

Consider fit the part of the prcdilein which the tempwa-
ture rises from To to a temperature T*, which marks the
inflection point of the T,x curve. This portion of tho curve

is convex toward the z-axis
()

~>0 , which moans that a

mass element in this region gains heat by conduction from
the hotter elements downstream faster than it loses heat
to the cooler elements upstream. There is little chemical
reaction in this region; hence, little heat is evolved. Cal-
culations of reference 6 show that 14 percent of the heat

TF– .—— — ——————____________

(4)

L Inflection pdnt:
(3)

I

: T3 ––––––__––––_
&

:
# I

(1)

I

To
I

!%heof zone
b

, Mcfion zone+
Xo X3 XF

Distonce norrnol to flome, x

Fzmmm 127.-Qualitative temperatum-distanoe diagram for
stationary flame.
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(a)
(a) Direot.

1
(b)

(b) Sohlieren.

Fmurm 128.—Typical photographs of Iamirmr Bunsen flam~.

release occurs before the luminous zone is reached. This
zone is considered to begin at some point beyond (T~,zJ.
Consequently, this region may be called the preheat zone.
Tho mass element expands in volume, causing an acmlera-
tion of the unburned gas. On passing Ta, the mass element
changes from a heat sink to a heat source, and the curve is

concave toward the z-sxie
()

$<0. The temperature of

the element continues to rise because of the heat evolution
from the chemieal reaction, and this region between Ta and
TF may therefore be called the reaction zone.

The inflection point TSmaybe called the ignition tempera-
ture, but it is distinguished horn the spontaneous-ignition
temperature determined in a static system (see ch. HI and
the appendk), where the ignitiondelay time may be 10s to
10etimes the period required for the element to traveme the
preheat zone of a stationary flame. The temperature T8
may be calculated by numerical integration of theoretical
equations for simple decomposition flames such as the ethyl-
ene oxide flame (ref. 7) or determined approximately by
careful temperature traverse of the reaction zone by one of
the methods mentioned previously.

The relation of direct, shadow, and schlieren images to
the temperature profile is discussed in the following sections.
While ditTerencesin the flame areas determined by these
three types of flame photographs are pertinent to any method
for measuring flame velocity, most of the discussion is given
in terms of the inner cone of a Bunsen burner flame illustrated
in the following sketch:

(c)

(o) Shadow.

Burned \
\ gas I

. -– Inner corm (blue mne)

- --tiler mantle of burned gas
(may be slightly luminous,
particularly for. rich
mixtures)

BPI
Unburned

gas

/ L

RELATIONOF VARIOUSIMAGZSTO TEMPERATUREPROFILE

Luminous zone,—Dfiect photography, or direct observa-
tion, reveals the luminous zones of the flame. Flame
velocity measurements from direct photographs (@g. 128(a))
are based on the zone of most intense illumination, which
in the case of Bunsen flames is the bright inner cone, some-
times called the blue cone (see sketch (j)). Early workem
in the combustion field (seereviews in refs. 8 and 9) presumed
that the width of this luminous zone represented the dis-
tance between the initiation of combustion and its comple-
tion and that flame velocity measurements were properly
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based on the inner edge of this zone. It has since been
established that the entire luminous zone (inner cone) lies
at a temperature very near the mtium, or flame tempera-
ture, as represented-by the region (4) adjacent to inflection
point (3) in figure 127 (refs. 1, 10, and 11). Before roaching
this zone of high heat releasebut small temperature gradient,
the gases experience preheating that causes expansion and
bending of the flow lines. As a result, a flame surface
chosen at any point in the luminous zone is too large for
flame velocity measurements,which are traditionally referred
to the unburned-gas flow.

Therefore, direct photographs, which are the easiest type
to obtain if the flame is sticiently luminous, produce a
s~face larger than the cold gas surface and may indicate
erroneously low flame velocities.

Scld.ieren image.-when schlieren photography (refs. 1,
4, 9, and 10 to 13) is used, a surface is found that has a
temperature much nearer that of the -unburned gas. The
schlieren method also has the advantage of a sharply
detined surface (fig. 128(b)) x compared with the less dis-
tinct inner edge of the luminous zone or the comparatively
fuzzy outer edge of the shadow cast by the cone (fig. 128(c)).
In the most common use of the schlieren method for flame
velocity measurements, the flame is placed in the parallel-
beam section of a Z-type, two-mirror (or lens) schlieren
system. A knife edge,placed at the focus of the second mirror,
is advanced into the image of the finite light source so that it
cuts out approximately half the light. The light passing the
knife edge penetrates the objective lens of the camera,
which brings the flame image into focus. The density
gradients in the flame cause the light rays, which are parallel
as they leave the fit mirror, to be refracted. Light rays
refracted in a direction perpendicular to the lmife edge by a
positive density gradient are bent away from the knife edge,
and an increase in illumination at we corresponding point
in the flame-image plane results. On the other hand, a
negative density gradient resuk in decreased illumination.
Thus, the brightest portion of the flame image corresponds
to the maximum optical density gradient, which for all
practical purposes may be identified with the mass density
gradient. Since the density p is inversely proportional to
the absolute temperature 2’, it follows that

$“+E

Thh expretion shows that the mtium of the density
gradient (flame cone edge given by schlieren image) does not
coincide with the mtiurn of the temperature gradient
represented by inflection point (3) in figure 127, but occurs
at a considerably lower temperature represented by point (1).

Experimental verification of the applicability of the
schlieren surface for measuring flame velocity, insofm a9 the
bending of flow lines due to temperature is concerned, has
been obtained in several ways. Breeze (ref. 11) investigated
the temperature gradient near the schlieren boundary by
introducing smoke into the unburned gas. Ammonium
chloride, which decomposes at 320° C, and zinc oxide, which

sublimes at 1800° C, were used. The ammonium chlorido
track disappeared about 1 millimeter before it reached tho
luminous zone in a butane-air flame at atmospheric pressure.
The point of disappearance coincided with the edgo of tho
schlieren image. The zinc oxide smoke showed a sharp drop
in density about 0.1 millimeter beyond the schlieren edge.
Thus, the temperature gradient is very steep in this vicinity.
Lewis and von Elbe (ref. 8, p. 254) similarly found the pre-
heat zone of a natural gas flame to be approximately 1 milli-
meter thick by using static chloridq hydrate smoke, which
disappears by dissociation of the hydrate beginning at about
830 C and reappem as stannic acid after passing the re-
action zone. Klaukens and Wolfhard (ref. 1) studied the
reaction zone of flat acetylene-@r flames at low prwauroa
using luminous and schlieren photographs and thermo-
couple travemes, with qualitatively similar results. l?or o
flame at 15 millimeters of mercury, the maximum density
gradient corresponded to a temperatureof 200° C, whorms the
maximum luminosity corresponded to a temperature near
the maximum temperature. Reference 4, reporting studies
of the tracks of stroboscopically illuminated particles of
maggesium oxide, and reference 13 added further confirma-
tion. The majority of investigators believe that schlbren
photography gives the image best suited for flame velocity
measurements.

Shadow irnage.+hadow photography (tlg. 128(c)) has
been used considerably in recording flame velocity data.
The optical setup for a shadow system is simpler than that
for a schlieren system. In the simplest form, a point source
of light is placed on one side of the flame and the film is
placed on the other side. Shadow photographs am also
obtained by the parallel-beam method, in which cam tho
camera is focused on a plane between the flame and tho
second mirror (real shadow image of the flame).

Formerly, many investigators based their fkme velocity
measurements on the inside edge of the shadow cast by the
cone, but it has since been demonstrated that the outside edge
of the shadow should be used. In reference 14, calculations
were made of refictions of parallel rays for a simple flame
model in which the flame surface of the inner cone was con-
sidered as a discontinuity between the cold unburned gas
and the hot burned gas within the outer mantle. Constant
refractive indices of 1.0003 for the unburned gas and tho
external atmosphere and 1.00004 for the burned gas wore
assumed. The calculations showed that the flame deflected
the rays in such a way that a caustic curve of high light
intensity ma formed. The distance of the caustic (repre-
sented by the sharp demarcation between black and whito
at the inner edge of the shadow in fig. 128(c)) from tho flame
ti decrwwed with incensing distance of the shadowgraph
object plane from the flame in a reamer simihxr to that
observed experimentally; whereas, the outer edge of tho
shadow corresponded closely to the position of the discon-
tinuity in ralactive index represented by the flame cone.
Hence, flame velocities based on the inner edge of the shadow
are erroneously high, but the error decreasea as the distanco
between the flame and the shadow object plane decreases
and approaches zero at zero distance.



BASIC CONSIDERATIONS IN TBE COWNX3TION OF HYDROCARBON FUELS WTl?13AIR 325

Reference 14 states that the schlieren image of a flame is

exactly coincident tith the outer edge of the shadow cone

obtained tith parallel light; therefore, the two methods
should give the same values for flame velocity. However,
the outer edge of the shadow is not clearly defied, whereas
the inner edge is very sharply defined. The desirability of
using this sharply defined surface has led some investigators

to take shadowgraphs at several distances from the flame and

extrapolate back to zero distance (refs. 14 and 15), while
ot,hera have computed correction factors for tied positions
(refs. 14 and 16).

In summrmY, it may be said that the schlieren image repre-
sents a surface near the start of the preheat zone, where~s
the luminous zone represents a region in the reaction zone
at temperatures just below the flame temperature.

FLAME VELOCITY

MZTHODSOF MBASllOUNG

Stationary flame or burner.-The tit attempt to measure
flame veloci~ was made by Bunsen (see ref. 17, p. 66), who
determined the flow veloci@ through a burner at which the

flame would just flash back, so that the flame velocity was
equal to the flow velocity. This method is accurate only
for a flat flame, which in turn is obtained ordy w-hen the

stream velocity is constant over the burner-mouth cross
section. lllat-flame burners have been developed (refs. 18
and 19) but can be used only for flame velocities less than
15 or 20 centimeters per second. Therefore, these burners
are of little interest for most flame velocity studies, although
tho flat flame is ideal for studying flame structure, and the
method may be useful in defig lean flammability limits.

Tho majority of the burner methods employ the inner flame
cone (fig. 128) obtained above vertical tubes or wnvergent
nozzles, which give a more nearly conical inner cone and give
the same results as cylindrical tubes when comparable meth-
ods of measurement are used (refs. 4 and 10). Tubes em-
ployed in such studies are of the order of 1 centimeter in
diameter and are more than 40 diameters in length to ensure
laminar flow. It is generally found that the mean approach-
stream velocity does not aiTect the results as long as the
flow is huninar and that burner diameter has no effect until
the quenching diameter is approached (e. g., refs. 8, p. 459,
rmd 16 and 20; for contrary results, see ref. 21).

The methods of measurement of burner flames are varia-
tions or modifications of either the total-area method (ref. 22)
or the angle method (ref. 23). In the former, an average
flame velocity for the entire cone Up is obtained by dividing
the volumet~c flow rate of the unburned
face area of the cone SF:

vrl_uo,Jt.bOue~– SF

gas V’1 ~y the SW:

(1)

where the space mean velocity of the approach flow in the
tube U.n and the flame veIocity U~ are in centimeters per
second, Vrl is in cubic cantimetera per second, and SF and
A,ti~, are in square centimeters. The area i3’r is usually

computed by assuming the flame cone t6 be a right cone.
In the early studies, S’. was often computed from the height
of the luminous cone hc and the radius of either the burner
tube or the actual flame base r,a~,by the equation

S’.=m,ti>m (2a)

One simple method of computing SF avoids the neccss.ity of
choosing between the burner diameter and the actual flame
diameter, which varks with both method of. photography
and approach-flow conditions (ref. 24):

TAF1
&=~ (2b)

where
A, area of projected image of flame measured by planim-

eter, cmz

1 length of curve that generates $. when rotated about
tube axis (corresponds to slan’theight of right cone),
cm

When the assumption of a right conical shape becom~ poor,
graphical methods may be used (e. g., ref. 25).

In the angle method, a locql flame velocity is computed
from the local approach velocity U. and the angle a between
the direction of the approach flow and the burning surface:

u.= u. sin a (3)

The approach velocity Uo is usually computed for a given
position along the flame by assuming that the approach-
velocity distribution follows the PoiseuiUe equation (ref. 8,
p. 248)

(4)

where r~ub.is the tube radius (cm), and r is the radial distance
from the tube axis to the flame surface (cm). In some in-
stances where convergent nozzles have been used, apparent
flame velocities have been computed on the assumption that
the approach veloci@ Uo was constant over the entire cone
and equal to U.m (e. g., ref. 24). Such an assumption could
result in significant errors, since local velocities over the
central portion of a nozzle may be as much as 20 percent
higher than Uo~ because of the boundary-layer effect (ref.
16).

The chief advantage of burner methods is that the equip-
ment is simple, flexible, relatively inexpensive, and easily
adapted for measurements at varying temperatures and pres-
sures and with imposed flow disturbances (ref. 26). Burner
methods have also been adapted for convenient use with nor-
mally liquid fuels (ref. 27). Furthermore, there are obvious
advantages in having a redly observed stationary flame.
One disadvantage of burner methods is that di.ffwiomd inter-
change with the surrounding atmosphere alters the fuel-
oxidsmt ratio, so that the flame velocity observed may not
represent the measured fuel-air ratio. Di&usion may also
lead to instability, evidenced by a fluted or polyhedral flame
(refs. 28 and 29). This instabfity might be remedied in some
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cases by using a split-flame (Smithells separator) burner,
which allows the gases of the outer mantle to burn on an
outer concentric tube (ref. 30); however, such a modii3ca-
tion complicates the photography. Other problams result
from the complex flame shape, which directly complicates
the area method and indirectly aflects the angle method.

The main objections to the area method are as follows:
(1) The flame velocity near the base of the cone is reduced

by the quenching action of the burner rim, and the flame
velocity in the region of the tip is increased by accelerated
heat and active-particle tiansfer that results from the small
radius of curvature. Hence, the average flame velocity
may not be equal to the flame velocity for a plane flame.

(2) Some small amount of gas may e9cape through the
dead space (fig. 128(a)) between the flame base and the
burner rim, tending to make the measured U. too large.

(3) The method makes the choim of the proper surface
(inside tilble, outside shadow, or schlieren) to be used for
computation very important, particularly for small flamw.

The errors due to (1) are minimized if the method is re-
stricted to gas mixtures and flow rates that yield nearly
conical flame shapes and to burner tube diameters above ap-
proximately 1 centimeter (refs. 10 and 20). The error due to
(2) is probably small, as evidenced by the lack of a discernible
separation between flame base and burner rim in most
schlieren photographs. These errors may be reduced some-
what but not eliminated by using only a frustum area from
the middle portion of the cone (ref. 8, p. 464). The volumet-
ric flow passing through this portion of the flame is computed
by assuming Poiseuille flow (eq. (4)2 up to the chosen flame
surface. The flame velocity is therefore computed by

zJF- ‘0.(;’-’’(1-%3
8

(5)

where ru and rl are the radii of the upper and lower bases of
the frustum (cm), and s is the slant height of the frustum
(cm).

The frustum-area method still requires the choice of the
proper surface in order to eliminate flow-line bending due to
temperature rise. In addition, since only a pmt of the cone
is considered, it may be even more importmt to consider
the redistribution of unburned-gas flow due to the pressure
field set up by the flame (refs. 8, p. 257, and 31 and 32).
The volumetric flow computed by equation (4) does not
correspond to the surface computed. Even disallowing the
differences of (1) and (2), the result is different horn that
obtained if the total area is used. Further re.iinementmay
be made by using a rectangular burner in which the larger
dimension is at least three times the smaller dimension, thus
reducing the effect of flame curvature when the flame is
tiewed parallel to the larger dimension (ref. 33).

In the angle method, the bendings of the flow lines due
to (1) the temperature rise and (2) the pressure field are
again the main problems, whether the more common cylin-
drical tubes or rectangular tubes are used. The temperature-
rise problem is again solved by choosing the proper surface
corresponding to a low temperature. The pressure-field

problem might be solved by using the particle-track method.
The latter method is a good solution, if the approach-flow
conditions are measured far enough upstream to avoid
pressure-field effects and are then properly related to a point
on the flame surface. Inertia effects connected with the
particles must also be taken into account. Investigators
who have used the particle-track method apparently did not
take full advantage of its possibilities with respect to the
prewure-field effects. Although reference 8 (pp. 254-267)
presents photographs showing the bending of flow linw clue
to the pressure effect, dr and U & were probably not
measured far enough upstream when flame velocities wore
computed from the equation

(6)

where

U~ mean vel@ty for stream tube bounded by tlm two
flow lines considered, computed for Poiseuille flow at
plane where dr is measured, cm/sec

dr distance between flow lines at a point far enough
upstream to avoid distortion due to pressure, cm

W length of flame boundary between flow lines, cm

In reference 4, the angle between the direction of the particle
track ahead of the preheat zone and the surface of the lumi-
nous zone was determined at the point where the track
intersects the luminous zone, but measurements probably
were not made far enough upstream to determine the direc-
tion of the particle track.

A stationary flame method that is of interest by analogy
to flames supported on a flameholder is the inverted flame
or V-flame method (ref. 8, p. 26S and refs. 34 to 36). In
this method, the flame burns above the end of an axially
mounted wire in the form of an inverted cone or above n
horizontal wire or rod over the tube port in the form of a
two-climensional V. An apparent flame velocity may be
determined by meaauring the flame angle near the flamo-
holder and rplating it to a local velocity within the tubo at
that distance from the axis (ref. 35 used eqs. (3) and (4)).
The velocities obtained in such a reamer are far from truo
flame velocities, because the flame thrust causes o strong
outward deflection of the flow lines in the uncordined un-
burned gas approaching the flame. Better values for flame
velocity could be determined from inverted-cone or V-flames
by the particlMrack methods described previously.

Gross (ref. 36) used the V-flame in connection with a
stationary fkune method that employs an entirely difTerent
approach. Fkune pressures were measured by Lmveraos
of the flame front of a V-flame -with a total-pressure tube
connected to a micromanometer. Flame temperatures wore
measured with a platinum and platinum-1 O-percent-
rhodium thermocouple. Flame velocities were then computed
by combtig the equation for conservation of momentum
across a plane, steady-state combustion wave

(7)
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and the total pressure for incompressible, inviscid flow

(8)

to obtain the equation for flame velocity

where p is the static pressure (dynes/cm~, p’ is the total
(stagnation) pressure (dynes/cm9, and P is the density
(g/cm3). The disadvantages of the method arise born the
effects of the totrd-preimre tube on the flow and the flame,
the corrections that must be applied to total-pressure meas-
urements at low velocities, and the ditlicultiesin calibrating,
operating, and maintaining an ultrasensitive preasue meter.

Others (refs. 8 und 37) have computed flame velocities
from equation (7) by assumingp~ to be equal to the ambient
pressure in the room. Vasilesco (ref. 37) points out, how-
ever, that pFis in reality snder than pamand that corrections
must be added to the measured value of po—p~ (the cor-
rection may be several times the magnitude of the measured
p,–pam). Thus, agreement between vah.wa computed from
equation (2a) and from equation (7) for pF=p.rR that were
reported by von Elbe and Mentser for acetylene flames
(ref. 8, p. 266) may be a fortuitous result of the choice of
the method of equation (2a) for the calculation of flame
velocities.

Ml things considered, the total-area method with schlieren
photography is the most easily executed and reproduced
burner method and is probably as accurate as the more
complimted methods.

Transparent tube.-lf a horizontal transparent tube
having an inside diameter greater than the quenching di-
mmeterand a length of the order of 1 meter is 611edwith a
homogeneous combustible gas mixture, which is then ignited
(preferably by another small flame) at one end of the tube,
a flame will travel through the tube. By placing suitable
orifices at both ends of the tube to reduce reflected pressure
waves, rLuniform linear flame movement over a good portion
of the tube and a flame of constant shape for that portion
may be obtained (ref. 38). The linear velocity of uniform
movement is detemined either by timing the passage of the
flame between two detectom such as photocells or ionization
gaps or by photographing it with a rotating drum or movie
camera. The flame velocity is calculated by a total-area
method from the equation

whero
Ulfn linear velocity of uniform flame movement, cm/sec
u, velocity of unburned gas ahead of flame (determined

by allowing gas pushed out of tube to blow a soap
bubble, ref. 38), cm/sec

Tho setup required for the tube method is simple and in-
expensive, with the possible exception of the tmg devic~;
the method requires very small quantities of fuel compared
with burner methods. The method is inferior to the burner

method for absolute flame velocities because of the greater
difEculty in determining JS’~from the more complex flame
shapes, which, partly because of the necessity of using direct

photography, are rather arbitrarily defied. Wall effects
are also how-n or ~cult to ascertain. Since the measure-

ments are made in a quiescent mixture in a transparent
tube, the method is less readily adapted for measurements
at pressures or temperatures other than room conditions

than is the burner method.
The tube method shares with the bomb and soap-bubble

methods the advantage that the flame is not exposed to an

external atmosphere, and as a result determinations may be
made over a slightly tider range of compositions (ref. 39).

It is believed that relative flame velocities or trends indicated
by the method areas good as those obtained by other meth-

ods when a consistent and reasonable means of deter mining
SF is used by a single investigator (provided that wall
effects, particularly chemical effects, may be neglected).
To this end, a simplified equation for determining g SF for
the flames, which usually take the shape of semiellipsoids,
was presented in reference 40:

(11)

where Tti,is the radius of the circumscribed circle about the
projected flame image (cm), and r~ti is the radius of the
inscribed circle (cm).

Soap-bubble or constant-pressure bomb.—In the soap-
bubble method (refs. 41 to 43), a homogeneous combustible
mixture is used to blow a soap bubble around a pair of
spark electrodes. The mixture is spark-ignited, and the
growth of both the sphere of flame and the soap bubble is
recorded by a rotating drum or movie camera. The flame
velocity is calculated horn -

(12)

where ro is the initial radius of the soap bubble (cm), and
rfti is the final radius of the sphere of burned gas (cm).

The method is simple in principle and offers (ideally, at
least) the dexirable feature of a spherical flame shape.
Since the fial flame diameter is rather large (10 to 20 cm),
the type of photography used to detlne the flame surface is
less important than with burner or tube methods. On the
other hand, the experimental difficulty in determining ~fi.
is considerable because of afterburning and the possibility
of nonspherical flame growth due to (1) gravity eifects when
slow-burning mixtures such as paraflin hydrocarbons and
air are used or (2) nonisotrepic propagation (wrinkled sur-
face) when very fast-burning mixtures such as hydrocarbons
and oxygen me used (ref. 43). The spark-ignition system
should be investigated to avoid eilects of spatial veloci~
(ref. 43). Water soap bubbles cannot be used where water
has an appreciable effect on the flame velocity; in this case
special glycerin solutions may be used for the bubble (refs.
42 and 43). In either case, diilusion through the conilning
iilm and the effects of the components of the film on the
burning process must be ccmsidwed. A recent improvement
of the method is the use of an inert atmosphere around the
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bubble to eliminate afterburning (ref. 42). The method
may be used at various pressuresby placing the soap-bubble
equipment within a large pressure-controlled chamber.

Constant-volume bomb.—In the constanfivolume bomb
method (refs. 8, 44, and 45), the combustible mixture is
ignited in the center of a rigid spherical vessel of the order
of 30 centiietem in diameter. Photographs of the growing
sphere of flame and one or more continuous pressure records
are obtained simultaneously. k the flame progrwses, the
expansion of the burned gas causes both the presme and
temperature of the unburned gas to increase because of
adiabatic compression. The temperature increase causes
the flame veloci~ to increase continuously -&em the center
toward the walls.

The flame veloci~ may be calculated by two methods.
In the fl.rat,for any instantaneous flame diameter observed
from the photographs, the volume occupied by the burned
gas before combustion is calculated with the aid of the pres-
sure record. The equation for U. derived from the differ-
ential equation for adiabatic compression is (ref. 44)

(Z7F= 1 )r;+ dp drp
3pyr; G z

(13)

where
rb bomb radius, cm
r~ flame radius at time t horn photograph, cm
p static pressure at time t,dynes/cm2
1’ ratio of specific heati in unburned gas at instmtaneous

conditions T and p

In this method, two diilerential quotients are required, and
Ur is obtained as a difference of quantities of comparable
magnitude, so that errors in these difhentia.1 quotients and
other data are magnified. A 10- to 15-percent scatter in
data may result (ref. 8, p. 476).

The second method uses only the pressure record, from
which rFis calculated, and maybe verified by the observed rF:

“=+(3(4 (14)

where

TO=rb
()

P–PO ‘i
(16)

P8Q—P0

and

:F=.b[l-gy(-)] (Ma)

where p. is the initial static pr~e before idtion (d3mes/
cm~, and P.C is the fi~ eqfibri~ pr~s~e after the g~
has burned (dyues/cm9.

Lewis and von Elbe (ref. 8, p. 499) present an example of
a CO-Oi-H90 flame for which the calculated rFis consistently
about 1 percent higher than that observed. They stato
that even this small difference is partly due to the error in
observed r~,which restits from the use of direct photography
to locate the flame front.

The experimental advantages of the bomb method me that
it allows good control over the initial temperature, pressure,

TABLE X.—COhIPARISON OF hIAXIMIJhf FLAME vELOCITIES DETERMINED BY VARIOUS METHODS

propane-air at 25° C and 1 atm.]

Eqm~od~rca Max. flame
Method Type of photography !hbO dhm., &bo cm Veloclty, Reference

UF.U,U, Urmaz,

%%. crnheo

Burner:

Total area (eq. (2b))-------- Soti-n ------------------------- l.26--------------- L 06
{

43.0
40.7 }

40

An$r~:J~c in conat. veloc- ScWemn ------------------------- 1.358 -------------- 1.08 *43-2 11s

Total area------------------ Shadow, outer edwL --------------- 1.57--------------- L 12 40.2
Total w----------------- Shadow, inner ed~ with extrapola- 1.27 (tub? or nozzle)- L 03 ‘ 46. 6 4, ;:

tion to ilame rma.
Total area---= -------------- Shadow, @ner edge---------------- L57:-------------- 1.12 46.4
Frusptumarea mcludmg cone Shadow, umer edge---------------- -------------------- (1. 06) 4ii 7 :!

Frus~um area, reotangukr Direot, inner luminous edge~-------- 0.65 X2.55 ---------- bL () ‘ 41. 2 ----.-.-
burner.

Frustum area----_---_--_-- Dtit --------------------------- 1.36--------------- L 07 s 41. 6 119
Frustum area--------------- Dtict --------------------------- o.94--------------- L 06 * 46. 3 8
Total area (w. (2b))-------- Direct, center of luminous zone ----- 1.67 --------------- :36 38
An@e, at 0.36 ta 0.61.r,.b.--- Dti~_---------= ----------------- 1.36 --------------- ● 43. 3 li:
Ang$ at common point ----- Combmatzon of chreot and shadow--- -------------------- ●48.6
Particle track-------------- Stroboscopio direct ---------------- 1.27 (nozzle) --------

-------- ------- -
1.05 ‘ 46. 0 ~ 16

Tube:
Total area----------------- D&t--------------------------- 2.5---------------- L 14 ~39. 0 38

Bomb:
Prewur8 record-_----------- N?ne ---------------------------- 16-cm sphere--------

} {
bl. O 40.6 46

Flame record --------------- D~ect --------------------------- bL O 40.4 46

*Emdtcm~mt sFwK@3butexzamedtoh=swc.
bTiwc determlmtlmuforztofcbfometicrnkturadonotrep-t xnoximmrmjbatm-eprokablylowerthanthomdmmns bynomorethou2omb.
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and humidity of the unburned gas and it requires only small
amounts of gases. Its disadvantages are that the apparatus
is comphx, the crdculations are lengthy and depend on very
rapid and accurate pressure measurements, and the flame
velocity variescontinuously duringarun. Thespark-gap width
and energy must be properly matched to obtain spherical
flames (ref. 45). While the pressure-record method largely
eliminates errors due to convection cummts for slow-moving
flames, there is still difficulty with nonisotropic propagation
with very fast flames or in mixtures that show dMusion
instability (tendency of flame front to break into cells be-
cause of concentration gradients set up by preferential diffu-
sion of the lighter components of the mixture).

The bomb method, using ordy the pressure record, may
prove to be the most accurate method for determining flame
velocities; as such it could be used to establish absolute
values of flame velocities, which could in turn be used to
appraise the accuracy of simpler burner methods.

Evaluation of methods .-Since there are large differences
in flame velocities reported by various investigators for the
same fuel-oxidant mixture at the same conditions (table X),
those who wish to compare data from various sources must
use caution. For a given experimental method, particularly
the various burner methods, measurements that are made
from schlieren photographs are probably nearer the true
flame velocity than measurements based on direct or shadow
photographs. Of the methods for measuring flame velocity,
the constOnt-volume bomb method (using the pressurerecord
only) may prove to be most precise (s 1 percent). In
general, Bunsen burner methods are the simplest, cheapest,
most versatile, and most productive. Of the various
burner methods, the total-area method is probably the
simplest,has a precision at least as good as the other methods,
and has an accuracy comparable with most of them. The
tube, soap-bubble, and bomb methods are particularly
good under conditions where their disadvantages are unim-
portant for very small quantitie9 of gases. Unless otherwise
stnted, a precision of &5 percent is about the average to be
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Fxomm 129.—Change in refative flame velocity with equivalence
ratio at 26° C and 1 atmosphere (ref. 39). . .

mpected when a single method is used by a single investi-
gator; this fact should be kept in mind when considering
relative changes in flame velocities or comparisons for
various fuels such as those given in the appendix.
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Fmum 130.—Flame” velocity as function of equivalence ratio at
various initial mixture temperatures for propane-air flamea at 1
atmosphere, measured by outerAadowedge total-area burner
method (ref. 16).

Equivalence ratio, ~

FIcmm 131.—Flame velocity as function of equivalence ratio over
range of osygen concentrations for propanwxygen-nitrogen mi,,-
tures at 311° K, measured by schlieren total-area burner method
(ref. 46).
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EFFEC1’SOFOHBbrICALV.4RIAB~

In the present survey, flame velocities are reported as
relative values referred to some standard fid-oxidant
mixture or condition. This is done in the belief that in
many cases one investigator using a given experimental
technique may correctiy determine the trend or relative
change in flame velocity as one particular variable is
chrmged, even though some characteristic of his technique
makes the absolute values questionable. Except when
otherwise noted, a reference flame velocity of 100 is assigned
the fuel-air mixture that has the composition for maximum
flame velocity, an initial temperature of 250 C, and an
initial pressure of 1 atmosphere.

Fuel-oxidant ratio.-As the fuel-oxidsmt ratio is increased,
flame velocity passes through a maximum at an equivalence
ratio p (fuel-oxidant ratio divided by stoichiometric fuel-
osidrmt ratio) between 1.0 and 1.3, as shown by figures 129
to 131 and the appendix. The curve of flame veloci@
against equivalence m“tiois more or less symmetrical about
this masimum, for which the equivalence ratio will be
called p-. This pmmis somewhat a function of the method
of measurement; the q= determined by the tube method
is usually larger than that determined by the burner method
(e. g., see ref. 12, and compare data from refs. 46 and 47).
The value of pmutends to shift from slightly rich back toward
stoichiometric as either the initial mixture temperature or
the percant.age of oxygen in the oxidant is increased (or
diluent decreased) as shown by figures 130 (ref. 16) and 131
(ref. 48).

The flame velocity near the lean flammability limit
(9 S().5 to (3.6)iS of the order of % to ~ the mti~ (refs-
18 and 39). Flame velocity determinations with hydro-
carbons are limited on the rich side because the flame shapes
become irregular or unusual with either open or eonflned
flames (e. g., refs. 29 and 39; flame instabilities are &-
cu=ed further in ch. VI).

It may be noted from figure 129 that the fractional
change in flame velocity tith equi.valenw ratio is the same
for three fuels for equivalence ratios smaller than P=. If a

logarithmic scale were used for p, it would be seen that
a linear relation between U~ and log q exists for p< 1:

u.
—=2.6 log P+O.94
u (16)

F, mar

Au interesting variation of the preceding relation is the
plot of the logarithm of the total bond dissociation energy
of the fuel per unit volume of mixture against flame velocity
illustrated by figure 132 (ref. 49). The correlations aro
c-

4
2.
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‘ Fuel’

L o Ethene
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FIGUEH132.—Empirical correlation for equivalence-ratio data.
Tube method (ref. 49).

linear for lean mixtures and the lines extrapolate to the lean
limit of flame propagation (zero flame velocity) in a l-inch
flame tube. The advantage in using the total bond dis-
sociation energy rather than simple q is that the maximum
flame velocities of all three fuels may be estimated by
extrapolating the linear portions of their curves to a common
value of the total bond dissociation ene~, 1.76 kilocalorhw
per liter. However, both the slopes of the lines and tho
energy for Up- depend somewhat on the method of
measurement of U=; the data presented were obtained by
the tube method.

A correlation was also observed between the equivalence
ratio for mtium flame velocity and the total bond dis-

TABLE =.—BOND DISSOCIATION ENERGIES FOR C, AND Ce HYDROCARBONS AT
concentration FOR M~m FLAME V33L0CITy

~be method, ref. 49.]

Eqqwll-oyo;w

Hydrocarbon Upm.z,

Butane ---------------------- L 09
Hmme------------r-----_.__ L 16
2-hfethylpro ane-------------

l’
L 11

2,2-Dimethy butane ----------- L 12
l-Butine --------------------- L 17
l-Hmene -------------------- L 16
~obutine -------------------- L 14
2-hIethyI-l-pentene ------------ L 19
l-Bu~e-------------------- L 17
l-H~~_--- ------------- L 21
4Met ylpentyne------------- L 18
Bemme---_---_------------- L 34

Average --------------- L 15

Deviation
Of%a=
from

tias,.
%percen

Xesoaiation
energy of

[hydrocarbon
koal

g-mole

--------

Dissociation
energy of

mixture at
has,
koal
h-r

L ’93
200
1.94
L 97
L 98
202
L 97
L 99
L 95
1.97
L 95
L 96

L 96

Devi~t#n

average,
percent

20
1.5
L6

--------

i;
--------

1.0
LO
o
1.0
.6

0.9

A



BASIC CONSIDERATIONS IN TBl!l COMBUSTION OF HYDROCARBON FUELS WITH AIR 331

sociation energy of the fuel. Table ~ (ref. 49) shows
that, for the Ci and C6 hydrocarbons tested, the total bond
dissociation energy per unit volume of the hydrocarbon-air
mixtum corresponding to the mixture giving the maximum
flame velocity (tube method) is nearly constant, with an
average deviation of ordy 0.9 percent from the average
value, This deviation is less than X of that obtained by
simply assuming that the mminmm will occur at an average
equivalence ratio of 1.15. It maybe noted that the average
total bond dissociation energy of 1.96 (kcal/liter) for pma is
different from the 1.75 that gave maximum flame velocities
from the linear extrapolation in figure 132, because the data
in that figure began to deviate from the straight line before
pm, was reached.

An avenue of experimental study that may clarify the
reaction kinetics of flames is the determination of flame
velocities for fuel-oxygen-nitrogen systems in which the
concentrations are varied in such a way that constant
flame temperatures are maintained. If the effective mean
reaction-zone temperature is also constant and the reaction
mechanism does not change with composition, the true
effects of fuel and oxygen concentrations on flame velocity
and hence on the over-all reaction rate might be expressed
by

dx,
(–)“aF dt ‘Xyxg’ (17)

where
Xf mole fraction of fuel in unburned gas
Xoz mole fraction of oxygen in unburned gaa
a,c empirical exponents expressing reaction order of fuel

and oxygen, respectively
The e.sponent a is determined by studying mixtures for
which q> 1, and the exponent c is determined when p< 1.
In the former case, Xq is practically ccb.tant; whereas, in
the latter case, X~ is practically constant.

In reference 50, flame velocities were determined at
constant calculated adiabatic flame temperatures for hydro-
gen-, carbon monoxide-, and methane+xygen-nitrogen sys-
tems. The empirical equation for EA2–NS for Xti/X1
between 0.8 and 8 at 2000° K is

U,=7660 X? X02+54 (18)

This equation has the form of equation (17) except for the
constant 54. An equation of a different form was reported
for methrme-oxygen-nitrogen for X%/X~ between 0.3 and 0.7
at 2000° K:

()
U,=13.3 h ~ +14.9 (19)

ATOempirical equations were reported for H,-OZ-NS at
2260° K or for CO-OZ-NZ at 2000° K.

Zeldovich (ref. 51) reports experimentswith lean CO-OS-NJ
mktures in which the carbon monoxide concentmtion was
held constant and the 0,–NS ratio was varied so that the
flame temperatures were essentially constant. The flame
velocity, and hence the reaction rate, was found to vary by
less than a factor of 1.6 when Xoz was varied from 0.20 to
0,72. Similar experhmmts with lean mixtures show that
flame velocity is proportional to the square root of the
carbon monoxide concentmtion in the reaction zone.

In summary, the flame valocity pwes through a maximum
Ur,mG at a fuel-oxidant ratio slightly richer than stoichio-
metric. For lean hydrocarbon-air mixtures, flame velocity
and equivalence ratio may be related by an equation such as

u.—=2.6 log q+O.94
UF,8t#

(16)

The logarithm of the total bond dissociation energy of the
fuel per unit volume of mixture correlates both the flame
velocities of lean mixtures of a given fuel with air and the
equivsknce ratios for maximum flame velocities of various
fuels. Studies of the effects of fuel and o~gen concentra-

400 I 1 I
0 Alkanes c-c-c-
A Alkenes c=c-c-
❑ Alkynes C=c- c-
o Alkadienes c=lc-cuc-
V Allenes -c-c-c-
7 Cyclaolkones -snturaki rirq

360 c 1 1I

\ A \ 1 1

\
\
\

.

. \* ----

Number af mrbon atoms in chain

FIGURE133.—Effect of ohaii length and saturation on relative
flame velocities of straight-chain (or nonsbstituted-ring)
hydrocarbon at 2S0 C and 1 atmosphere (by permission from
refs. 38, 40, and 46).
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FmuRE 134.-Effeot of methyl substitution on relative flame
velocities of four-carbon-atom, stiaighiwlwin hydrocarbons
(bY per-ion from ref. 46).

I

\

I 1 I t 1 I
30 Purerimg Methyl Ethyl PrcQyl “ Butyl

Side-chain substitumt

FxcmRE 135.—Effwts of ring size and substitution on burning-
velocity trends in cyclic hydrocarbons (by permimion from ref. 52).

tion on flame velocity at constant flame temperature may
be of importance in understanding flame reaction kinetics; to
date, very little work has been done on this particular phase.

Molecular structure of hydrocarbon.-In references ’38,
40, 46, and 52, a systematic study was made of the effect
of molecular structure on masimnm flame velocity using the
improved tube method (eq. (10)) except for the higher-
molecukw-weight, normally liquid fuels, for which a schlieren
image total-area (eq. (2b)) burner method was used. ‘ Figure
133 shows the effect of the number of carbon atoms in the
straight chain for alkanes, alken~, alkyms, alkadisnes, and
allenes. The effect of methyl substitution on alkane, alkene,
alkyne, and alkadiene moleculm having four carbon atoms
in the straight chain is shown in figure 134. In general,
increased chain length or methyl substitution decreases
flame velocity, meept for the alkanes, which are not ap-
preciably affected by either. These two figures also em-
phasize the effect of nnsaturation: The flame velocity
increases in the order alkanw<alkcmes<alkadienes (for
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FIGURE136.—Comparison of flame velocities measured by innor-
shadowedge burner method (ref. 4~ with values measured by
tube method (ref. 40).

which isolated-conjugated< cumulated double bonds) <cd-
kynes.

The effects of cycloalkane ring size and of side-chain-
substituent size in a given cycloalkane are shown in figure
135, and the effecti of allqd substitution in a benzerm ring
are shown by data in the appendix. The fact that the
three- and four-membered cycloalkanes have flame velocities
greatar than the corresponding alkanes, whereas the five-
and six-membered rings have flame velocities near the cor-
responding alkanes, is in keeping with the general chemical
behavior associated with ring compounds. Small, saturated
rings generally exhibit some double-bond character, but
large ones do not. Cyclopropane has a flame velocity 13
percent higher than its isomer, propene; and spiropentino
(two three-membered rings joined together by one C-Cl
bond) has a flame veloci~ (see appendix) 13 percent higher
than the fa8te9t isomeric pentadiene flame; this indicatm
that three-membered rings are somewhat more effective
than double bonds. The addition of alkyl groups to aro-
matic rings shows no definite trend, sometimes reducing
flame veloeity, sometime9 not affecting it.

Some effects of type of oxygen linkage in oxygenamtaining
compounds are also suggested, but not well established,
by data in the appendix. It appears that flame velocity
increases with the type of linkage in the order esters< ethera
<alcohols< aldehydea and ketonw<~l oxides. This
suggested order is based primarily on data from reference 62,
with the position of alcohols and esters suggested by the
data of reference 47. Other measurements from reference
47 are in conflict with the suggested order. The measure-
ments were based on the inner edge of the shadow cast by
the Bunsen cone, using ordy the upper part of the cone. In
general, the agreement between relative values given by
references 40 and 47 is good, as shown by figure 136. The



.

BASIC CONSIDERATIONS IN THO COMBUSTION OF HYDROCARBON FUELS WITH AIR 333

Experimental

Simple m“xirq rule

I 40 m m 103
H2/(H2+CO), Percent-ti volume ‘-

---

FICSURE137.—Compmison of experimental data with simple mixing
rulo for flame velocities of mixtures of hydrogen and carbon
monoxide [ref. 69).

maximum flame velocities detemined for fuels other than
those of references 38, 40, 46, and 62 have been put on a

relative basis and are included in the appendix.

In reference 63, an empirical correlation is obtained in

which the maximum flame velocity of a hydrocarbon burn-
ing tith air is calculated from the sum of the contributions

of the various H-C bonds in the fuel molecule according to

U,= N*C.+ NBCB+N.CC+ . . . (20)

where NA, iVB,iVc, ND, iV~,NF, NG, ~d NE are the numbers
of methane, primary, secondary, tertiary, al.kene, alkyne,
cyclohmqd, and aromatic C-H bonds, rwpectively, per unit
vohune of hydrocarbon-air mixtures; and Cd, C., Co, . . .
are the flame velocity coefficients of these bonds. For the
special cases of GH bonds on carbon atoms placed alpha
to (naYtto) the alkyne C =C bond, a factor equal to 0.96 was
introduced into terms representing these alpha bonds.
Flame velocity coefficients established horn 34 hydrocarbons
gave an average deviation in predicted flame velocity of 1.9
percent. In the evaluation of these coeilicients, ethene was
excluded, since its coei%cient deviated by more than 5 times
the average. These coefficients, based on an mperimentd
reference flame velocity of 100 for propane, are given in
table XII. Since the coefficients are averaged for 34 hydro-
carbons, the computed value for propane is 97.7 compared
with the experimental reference velocity of 100.

The general effects of molecular structure may be sum-
marized as follows: Increased straight-chain length, ohain

TABLE X11.—EMPIRICALCOEFFICIENTSFOR CAIICULAT-
INGMAXIMUMFLAMEVELOCITYFROMHYDROCARBON
STRUCTURE (Ref. 53)

Type C-H bond

Sfethnne----.--------.
Primary ---------------
Secondary -------------
Tertiary ---------------
C olohexyl------------.
Allege ---------------
Aromatic --------------
Mkyne---------------.

@Rdntlwtoprowe.

Coelllcient,o
cm/(see) (bond/cm~)

Cd=90X10-lo
CB=109
CL?=122
CD=116
C~=129
C~=207
CE=216
C9=574

‘ Flame
velocity,

(/F,
C3H$J+C2H4 Cdsec

o Leon 24.4
❑ Leon 25.9
A Rich 24.4
v Rich 25.9

C3H8+~S

FIWEE 138.—Relation between XC3HJX&i8 and X% S/FH,S and

between X02~X~% and XOIHJlX&H, for lean and rioh bimary

fuel mixtura at constant flame velocity levels (reprinted by
permimion from ref. 62).

branching, side-chain substitution, or ring size of cycloal-
kanes (except for cyclopropane-cyclobutane reversal) tends
to decrease flame veloci~; whereas unsaturation tends to
increase flame velocity; all these effects become smaller as
the size of the molecule is increased. The flame velocities
of oxygen-conttig compounds are believed to follow the
order esters< ethers< alcohols< aldehydes and ketones<
alkyl oxides.

Additives, antiknocks, and fuel blending.-Reference 54
reports the effects on flame velocity of small additions
(<3 percent) of other fuels to rich mixtures of city gas and
air. The compounds studied aa additives (acetone, acetal-
dehyde, benzaldehyde, diethyl ether, benzene, and carbon
&sulfide) were chosen from those which displayed oxidation
phenomena in low-temperature oxidation and hence were
expected ti decrease the induction period and increase flame
velocity. Despite apparent differences in oxidation proper-
ties, all compounds changed the flame velocity (huninous-
mne total-area method, using skirted burnar) in exactly
the same way that dilution with excessfuel would change it,
on the basis of o~gen requirement. There was no phenom-
enon equivalent to the effect of aldehyde on reaction rate in
the low-temperature oxidation of hydrocarbons.

In propane-air-additive (isooctane, benzene, acetone,
methylethyl ketone, mrbon monoxide, acetaldehyde, diethyl
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FICi~ 139.—Effeot of o~gen concentration on maximum flame velocities; schlieren total-area method (ref. 66).

ether, oxygen, hydrogen, and nitrogen) mixtures, however,
reference 55 states that the small but distinct changes in
flame velocity were not strictly additive. Additive con-
centrations amounting to 5 to 30 percent of the total fuel
were used; in many cases, the flame velocity of the binary
mixture was greater than that of either component. The
reference also states that the change in theoretical flame
temperature does not suiliciently explain the results, but
that a nearly linear correlation with (6.5XH+XO=+XO).
was obtained.

Studies with moist carbon monoxide (ref. 8, p. 463, and
ref. 17, p. 121) show that its flame velocity is raised appre-
ciably by the addition of small amounts of hydrogen or
hydrogen<ontaining fuels (or water vapor, see later dis-
cussion). For example, the replacement of 1.5 percent
of the carbon monoxide by hydroge~ raised the flame
velocity of a moist carbon monoxide+iir flame by 40 percent
or a moist carbon monoxid~xygen flame by 45 percent; in
both cases, this increase was considerably greater than
that expected by a simple mixing rule. Even fuels with
flrune velocities smaller than the moist carbon monoxide
caused a marked increase; for example, 1 percent of hexane

increased the flame velocity 29.6 percent. On t,he other
hand, carbon disuliide, which containa no hydrogen, had
the opposite effect.

It might be expected that common antiknock ndditives
would especially decrease flame velocity, but such is not the
case in constant-pressure combustion. Tetmethyl led hncl
no effect on the flame velocities (measured nppro.sinmtely
by a ballistic impulse meter) of isooctnne-air mixtures nt
temperatures up to 5000 C, or on n-butane up to 300° C
(ref. 56). Above 300° C, the flame velocity of n-butnne
was markedly diminished by preflame oxidation, which in
turn was suppressed by the addition of tetmethyl lead. The
conclusion was that the antiknock effect of tetrnethyl lend
must not be ascribed to a decreased flame velocity. How-
ever, in an internakombustion engine it k believed (ref. 67)
that, toward the end of the piston travel when the pressure
is rising rapidly, the inhibiting effect of tetraethyl lend is
very great. The addition of 0.36 percent tetraethyl lmcl
or 5 percent ethyl nitrate had no effect on the flame veloc-
ities (cone height, burner method) of 20 fuels of various
types at room temperature (ref. 58). Likewise, iron pentn-
carbonyl did not appreciably decrease the flame velocities
of ether-ombon monoxide flames (ref. 17, p. 122),
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When two fuels A and B are blended in various propor-
tions, the mrmi.mumflame velocity of the blend is generally
greater than that which would be computed from the
maximum flame velocities of the individual fuels by a simple
mixing rule:

UP,ble8d=xAUF,A+x&F, B (21)

where Xd and XB are the mole flactions of A and B in the
fuel blend. Reference 59 foi.ud that flame velocities of
various binary mistures of any two of the fuels methane,
etlmne, acetylene, enrbon monoxide, and hydrogen were
greater than those obtained by the simple mixing rule. AS
an example, figure 137 for hydrogen plus carbon monoxide
is presented. In reference 60, a similar remdt was found
for propane plus carbon monoxide; the maximum flame
velocity occurred with rLfuel mixture of 96 percent dry
carbon monoxide and 4 percent propane (35 percent total
fuel mixed with air) and was 63 percent greater than the
value obtained from equation (21).

For the correlation of fkyne velocities of mixed fuels,
reference 61 presents an equation which is simplified in
reference 62 to the form

~gx .1 (j=l,2,3, . . . n) (22)

where
X,,j mole fraction of jti fuel in mukifuel mixture with air

that has flame vdocity UF
X;,, mole fraction of jm fuel in its binary mixture with air

that has same flame veloci~ UFas mtitifuel mixture
Thus, for a mixture of two fuels hd air, a plot of (X~~/X~,J
against (Xfx/X~, J should give a straight line with intercepts
(1,0) rmd (0,1). Reference 62 presents studies of ternary
mixtures of propn,ne, air, and either ethene or hydrogen
stide. Equation (22) was found to be valid for propane
plus ethene but invalid for propane plus hydrogen sulfide, as
shown by figure 138. According to reference 62, the data
represented by figure 138 show that hydrogen sulfide is an
effective flame velocity inhibitor; such a statement is mis-
leading, since the addition of similar quantities of nitrogen
to propane-air mixtures causes comparable decreasm in
flame veloci~, as can be computed from the data of ref-
erence 48.

Water vapor: The pronounced promoting eflect of water
vupor on the flame velocity of carbon monoxide has been
observed by many investigators. For 45 percent carbon
monoside in air, the flame velocity passes through a maxi-
mum after approximately 6 vohune percent water has been
added, at which point the flame veloci~ is 2.1 times the
value for 0.7 percent water (ref. 17, p. 121, and ref. 63).
H%vy water (deuterium oxide) increases the flame velocity
of carbon monoxide by a smaller amount than the same
percentage of ordinary water (ref. 64). This eilect is dis-
cussed later in connection with studies of deuterated
acetylene.
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Frcrmm 140.—Effeot of oxygen concentration on relative flame
velocities of various fuel-oxygen-nitrogen systems at room tem-
perature and atmospheric pressure.

With hydrocarbons, water vapor has a slight inhibiting
efEect; for a butane-air mixture containing 2.8 volume per-
cent water, the flame velocity is approximately 8 to 10 per-
cent 10WWthan that for a similar mixture containing 0.08
percent water (ref. 65).

Inert diluents: A decrease in the percentage of nitmogen
in the primary air with which a fuel burns causes a marked
increa9e in flame velocity for a given eqtiwdenm ratio.
For example, the effect of increasing the molar ratio
0~/(O,+NJ, hereinafter called #, is shown in fi~e 131, from
reference 48. Reference 66 reports that, for flame velocities
of propane-, ethene-, and isooctanearygen-nitrogen mix-
tures measured by a schlieren total-area method, the maxi-
mum flame velocity is a linear function of # for the ranges
studied. These data are presented in figure 139. Addi-
tional data on maximum flame velocities of fuel-oWgen-
nitrogen systems are reported in references 8 (pp. 460467)
and 43 and are plotted in @ure 140 as relative flame veloc-
ity, referred to the value with air for which #=0.21,
against +.

Figure 140 shows that the relative flame velocity of
hydrocarbon-oxygen-nitrogen mixtures continues to increase
markedly as # is increased to LO, but that there is some
tendency for the rate of increase to dirninkh in the region
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~=o.~ tO 1.0. The effect appwrs to demase as chain
length or unsaturation of the hydrocarbon increaaes. The
e.fleet of # on UF is apparently much smaller for hydrogen

or carbon monoxide *ES On the assumption that a
linear relation between UF,,.l and ~ should be obtained for
a limited range of # in the vicinity of, 0.21, which is the
region most likely to be of interest for air-breathing engines
that might be subject to local oggen enrichment or vitia-
tion, empirical equations of the form

UF.,a,=B(#–~ (23)

have been computed where possible. These are sum-
marized in table XlIf, in which are also included equations
of the form

u.,,.,=_m’:(*–wm) . (2A)

for propane-, ethene-, and isooctan~xygen-nitrogen mix-
tures from reference 66.

The e.iTectof changing the diluent from nitrogen to an
equal volume of another inert gas is of interest in that the
variations in specitic heats (and hence flame temperatures),
thermal conductivities, and filon coefficients of the dilu-
ents allow somewhat more critical tests of the various
approximate theoretical equations for flame velocity (table
XIV). Table XV shows maximum flame velocities, relative
to an arbitrary value of 100 with nitrogen as the inert gas,

for several fuels burning with primary air in which the nitro-
gen has been replaced by an equal volume of argon, helium, or
carbon dioxide (refs. 8, 17, and 67 to 73). In all caaes the
flame velocity increasesas the diluent is changed from carbon
dioxide to nitrogen to argon to helium. As the ratio Oz/(Oq+
inert) increases, the effect of changing the diluent is smaller,
because the common value of 100 for 0,/(O,+inert) = 1 is
approached.

EFFB~ OFPHYSfCMVARL4BLES

Pressure,-From the contradictory data reported in the
literature, it appears that the accurate measurement of the
pressure-dependence of flame velocity is very difficult and
that at present all reported pressure effects must be ques-
tioned. Some recent measurements (table XVlj from ref.
74) indicate that the flame velocities of stoichiomot,ric
methane-, propane-, and ethene-air mixtures are independent
of pressure, whether measured by the constant-volume bomb
method or the slot-bunmr (luminous) method. Reference
75 reports the flame velocities of acetylene burning with
oxygen, oxygen and argon, and air (pressures >10 mm Hg)
to be independent of pressure. The flame velocities were
measured by a luminous-cone angle method, and the burner
diameter was increased in proportion to the pressuredecrease,
Referenm 76 confirms that flame velocity is independent
of pressure by using the soap-bubble method. It is believed
(refl 76) that earlier results obtained by a burner method,
which showed a pressure effect, were probably less reliable.

TABLE XIII.-VALUES OF EMPIRICAL EQUATIONS FOR EFFECT OF # ON RELATIVE MAXIMUiM FLAME VELOUITY b

mealre, 1 atm.]

Range of
Fuel T. 4’, B x

‘K
B’ c g, Method rmd

(G%)
referenoi3@

Ifetbne--------.------ Room 0.21-0.50. 1290 0.135 -------- -------- -------- ~
18-.60 1550 .144 -------- -------- -------- ;

: 21– .50 1520 .143 -------- -------- -------- 3
.20- .50 1420 .140 -------- -------- -------- 4

Pmpne ---------------- 311 0.17-0.50 1420 0.140
17– .50 1195 .126 }

1.79 1.16 0.133 5
Room :21–.42 1290 .135 -------- ---.---- -------- 4

Imootane --------------- 311 0.21-0.50 1172 0.125
422 . 21– .50 1056 .115 }

O.381 1.40 0.120 6

Ethene----------------_ 311 0.17-0.35 1086 0.118
17– .35

l$&02m : 21– .50
981 .108 }

1.23 1.18 0.113 6
1100 .12 -------- -------- -------- 3

A=tylene--------------- Rcmm 0.11-0.24 770 0.08 -------- -------- -------- 4

Hydrogen-------------- Room 0. 13-a 25 620 0.05 -------- -------- -------- 1-

Carbon monoside -------- Room 0.13-0.25 600 0.04 -------- -------- -------- 1

,- ,-
. Ur,,, I.=B(#-%); Ur,,,IEB’T:(~%~.

b UF,.,1 Is mubnnro flame wlodty (withrwp?cito eqnldencs mtfo) rehtlve ti erbltrargtine of1~for#-021andZ’=2!WK.
0hfetbmisandrelereno?x

1.COnNmfgbktotal-armmethodofeq.(Z3);ref.&
Z L*wu% fru@mm methrdofeq.(5);%q=.
i %%’&mm@ ““ ““ofmexfmmnIntend&obtafnedwftbhorlmntafkoffe@@ _

WOf eq.(z3);reLE8.5.~b %$errda’oofhew obtafnedwithhoiizontafWe dge),total-areametb
methodwithmzzlob~, ref.W
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TABLE XIV.-SUMMARY OF BURNING-VtiOCITY CORRELATIONS
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COrreletkmWMtbermdtheork3
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I Correhtkam with dffln.don theork9
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ROfelellce

I
Eqrmtfon

1~

TYWOfdOtO
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“m (-.) I “6IIre-------------------- Tanford-Pa%____ ] ,~m,

I I
116--------------------Tanford-Peaso------ 116 ..--.--. -----—.--—----, .-..--

H4t-Nz ----------- ----------------------------
OHFOi-Ni._.__... ------------------------------

.--------.---—--------IT8nford-Pmm_d 163 ---------------------–1 ------

‘----------”----------~ 103,39(fig.149)-- TenfOrd-Pe3s3------

,----------------------- -------

““ (-) ‘wChHi-C~N2..-.. ----- uiV&&5pE+pO-1-pOH,m

Somaneveq. I 4Q

~
CJIS-OPNL----- U~6.5 PE-FPC+POE, non IE5(f@. 14s)------- TmfOrd-Pe&s------

I --------
E+menOveq.

F
49
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rP_
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nonfinmr

CrHAs-Ni_ . . .._- U’6A PE+PO+POE, non- 39(@. M9)—____-l Tanford-P&w_-._-l 39 t?emeneveq.

1-
Unpub.

&rneneveq. Unpnb.
I

t-
39 (fig. 149)._______ TanfOrd-Pwse------ 39
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I

Semenov eq. I 49

I Iw-------------------- mom------------ 49

k
----------
Urm. TF lllbw&rie9 of mmfwmh at
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Ioclty ‘n’=w”b

PnmfRnrjOld@ dfc- u? m m-.. -.----. -.-. -..-.-, I126,121,m---------- ‘PaIlford-l?ea%------- Ill
I

m, 123-.-.-...___– Momm-------- p6 Sememvoq. I lQr24
I

t-
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&omnov eq. l=-DUclUctInftfnltomwm-

7
OHrOi-XL------- UrvS.PK.]ti--------.-.--, 16 (I& 14ZL..__.__l ‘Pmford-Peaes____l 49

1~16-------------------- Momeu _________
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e%menovea. 149

I afrmmn-..-___l 49

1=
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Sememv eq. 49

P
CtHJ&NL_...__. Urvs.PE, lfnmr--------

OdII-C&N1P]I19d- t?~~ & Pl?+Po+POW
ouewmpmnds●

16(fig.147)----..--.1 T8nf0rd-PEm_..-J 49,16

16-–.. --_-–-.-l Mamm..-.-.___.-J 49 -–---–—--—------1 –--—

“---------------------l‘-------Add!tiva..- . . . . . . . . ------ M-...-.-..--------.-:- ------------------------I
, .-..
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%monoveq.
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TABLE XV.-MAX(MUM FLAME VELOCIT’fES

j@lative to arbitrary value of 100 for nitrogen with primary air in whioh nitrogen was replaced by indicated inert gae.]

UF,,,lwith inert gaa
Fuel Reference Method o,

GGia
kgon Helium co,

hfetine.-----------.----- 69----------------- Shadow tdal-area--------__- 0.21 231
17, p. 2------------ S atial velocity in tube ------

327 ------
.21

68-_----------_---- $Ube, area------------------ .21
270 320 ------

● 231 ● 321 ------

67 for A, He-------- Schlieren total-area ---------- 0.21 186 300 --z--
155 260

.:: 140 200 26

8, p. 465 for C02---- Con&height total-area ------- 0.60 115 160
.80

64
10s 115 76

Propane ------------------- 67----------------- Schlieren totakrea---------- 0.21 180 280 ------
140 235 ------

:E 120 160 ------
.57 110 150 ----.-

Ethene---------------_---- 70-------_--------- Soapbubble ---------------- 0.21 151 217 -.----

Butidene-----------_----- 71----------------- ---------------------------- 0.21 -------- 332 ------

Aw~lene----------------- 70------_--_-_----- Soapbubble ---------------- 0.21 146 225 26

73-----------_----- Schlierentotal-area ---------- 0.11 190
.21

340 ------
145 215 -.--.-

Hydro~n--------------_-- 68----------------- S atialvolooity intube ------ 0.21, 72----------------- #one-heigbt total-aren ------- .12
135 b 136 .--.--

0 115 0276 ------

8,p.460----------- Coneheight total-area ------- 0.21 -------- -------- 60
.30 -------- --------

-------- -------- %
.E -------- -------- 06

C~~15monofide contain- 8, P. 462----------- Cone-height totaI-area ------- 0.21 -------- --------

.8

62
ercent Ha, 1.36 .40 -------- --------

percent 20.
70

-------- --------
. % -------- -------- ;:

.-
-&y=~~-Elmtms3 -Ma=lmrdatimvalncfmagon frconrer.m.glvenfc+nmm~tdseemqneaimmbleinviewofmf.m
oNonltrc=gen vfdnowasglven fortblsfnertmncmtretfoxrelativevalnesarelmsdonfnteqmlntinftrc@nm.loefromrcf.8,p.4S0.

TABLE XVI.-FLAMRVELOCITY MEASUREMENTS OF STOICHIOMETTtIC HYDROCARBON-AIR MIXTURES
[Constant-volume bomb and rectangdar-burner, inn~luminous-edge, frustum-area methods; ref. 74.]

Fuel Prmure,
mm Hg

Afehe----_-----_----- 253
380
532
760

Propane -----------------

L

253
523
760

Ethene------------------ 38

1::
380
760

114

Flame velocity, cm/seo

I
Bomb method

Burnor
method

flame recordPressure
record

--------
--------

3& o
3il 6

--------
40.2
40.6

625
62.7
mo
62.8
63.1
6Z 3

I 38.1 I--------
--------

1-
37.8

36.3 --57-6--
3& 4

-------- 39.9
40.5 --------
40.4 4L 2

63.0
629

%:
63.0
62.5

--------
--------
--------
--------
--------
--------
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FIGTJE~141.—Variation of normal flame speed tith pressure for
propane+ir Bunsen flamea. Fuel-air ratio, 0.007 (ref. 77).

TABLE XVLL—EFFECT OF PR

On the other hand, reference 77 reports that, even though
the burner diametem were varied, there was a pressure efEect
such that the flame velocities of propane-air and ethene-air
mixtures were inverdy proportional to the logarithm of
pressure in the range )( to 1 atmosphere. The propane-air
curves of reference 77 are reproduced in figure 141 and, for
various tube diameters, approach a common upper envelope.

Many other investigators also report ,presmweeffects. In
general, the majori~ find flame velocity ti be invermly
proportional to prcswre raised to a power between 0.1 and
0.5. The pressuredependences indicated by some of the
more recent studies (refs. 19 and 74 to 81) are summarized
in table XVIII. However, until the effect of apparatus on
the measurement of the prcssuredependence of flame veloc-
ity is more clearly resolved, it is assumed that flame velocity
ia independent of pressure in the range of interest for jet-
engine combustion chambers.

Temperature,-The initial temperature of the unburned
gas mixture has an appreciable effect on flame velocity. As
an example, data for propane-air obtained by a shadowgraph
total-area method are presented in figure 130. The relative
effects of initial temperature on the maximum flame velocity

W3URE ON FLAME VELOCITY

System Equivalence Pressure Approximate ~n;th~d
ratio, p range, atm d$~d=ce erence’

Methan*ti-------------- l.oo-----__-------- 0.7–LO None
Loo--------------- . 33-L O None ;

1.00 or P-=---------
{

~4a4
i=;

3
@.4n 3

l.46--------------- .25-6.3 ~-ed 3
.60- .65----------- .26- .66 ~4.49 4

Propan-ati--------------- Loo--------------- 0.7 –1. o None
l.oo----____------- 33-L O None ;
loo--------------- .-_:.------- Iog p

.56--------------- .2:5.66 -ea
&

:
%la2--------------- one 6

Butineti---------------- p==-----------_-__ Ci26-LO P.” 3

n-Hephn&ah--------_-_-_ l.oo --------------- 0.53-0.99 p+% 7

Isoootineti-------------- loo---------------- 0.53-0.92 ~-ea 7

Etheneair---------------- loo-_ --------, ----- O.33-L O log p 5
l.oo --------------- . 05-L 6 None
l.06-L24----------- .30- .80 None :
l.4---------------- . 35-L O p-es

.46--------------- .26- .66 p-em :

Awtylen&ti---------_--- pm----------------- 0. 01-L O None 10
o.33--------------- .26- .66 P4.47 4

Acetylen+O1-------------- p---------------- 0. 01–L O None 10

Bemneak-----_-_-_-_-_- l.oo --------------- 0.40-0.92 P-eal 7

. M4hadeandroferena?s:
I. Car@ant-velmnebomb, reamler4MmeremiWwL74.
2 Reck@ar burner,lmn4%%%m%frostmn-artareL74.
3. Burner,Innerodsooflmnfnmnmm,totalmw noefkt oftibo dhmeterfrom1to2w ref.76.
4. FM-flamebnmer,InmSneusmne,totalarw reL19.
5. Burner,hmlnons oxw ad% roL 77.
6. S@f@.1 VOSedtyh tnbo (dram camara); ml. 79.
7 Raf m.. —-.
8. Scmpbnbbbref.76.
9. BmneGM. 81.

IO. Burner,lmnfnoosconejanglqreL76.
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Initial mixture tempemtura, ,~, ‘K

F%3crm 142.-Variation of relative mdnmm flame velooity referred
to maximum flame velooi~ at 26” C with initial mixture tem-
pratum (ref. 16).

of methane-, propane-, and ethene-sir flames are shown-in
figure 142. References 16, 37, 52, 54, 66, 73, and 82 to 88

present extensive studies of the temperature effect. A
summary of these eilects is given in table XVIU. The
ordy references that are purposely omitted horn table=
are thos8 covering too small a temperature range to be
significant, investigating nonhydrocarbon fuels not likely to
b8 of interest, or containing results that are questionable or
contradictory to the more extensive studies. Where pos-
sible, an emptilcal equation of the form

UF,,.,=B+MT: ~ (25)

is given. The relative flame velocities compu@d from these
equations are referred to an arbitrary value of 100 at 25° C.
The flame veloci~ is a function of To raised to a power be-
tween 1.4 and 2.1; the exponent variw with the temperature
range covered and with the fuel. Site propane is a fairly
representative parailin hydrocarbon, most blends containing
a preponderance of psrffi hydrocarbons would be reason-
ably well represented by the equation

UF,,,Z=25+0.00085 C (26)

for the temperature range 200° to 615° K. For the smaller
temperature range 290° to 420° K (or 520° to 760° R), it
might be assumed that U~ a ~4. Alternatively, the per-
centage change of maximum flame velocity could be deter-
mined from the propane curve (fig. 142).

A method of empirical prediction for ethene, as well as
metheme and propane, and hence useful for both pardinic
and oleflnic fuels, is demonstrateed in reference 16. A very
good linear correlation between computed adiabatic equilib-
rium hydrogen atom concentration ~ and flame veloci~
exists for each of the three fuels. Tbeae correlations indicate
that, for any similar fuel, if maximum flame velocities me

lmown for any two initiil temperatures, the maxium
flame velocity at any other temperature can be computed.
The equations for temperature from 200° to 616° K for
methane, propane, and ethene, respectively, are ‘

U’,,,, =2.91 xl@pH-50 (27)

UF.,,Z=2.89X 106pH–76 (28)

U..,e,=1.33X106 pE-97 (29)

Electriu fields,-huninar flame veloci~ does not seem to be
aflected byelectic fields. In reference 89,10ngitudinaldircct-
and alternating-current fields were applied to propmm-
air flames. The potential was applied between the
burner rim and a spherical electrode placed in the burrmd
gas near the flame. The direct-current field (4000 v) caused
a 5-percent decrease in the surface area of the luminous cono,
The simple periodic disturbances of the flame surface caused
by the alternating-current field (Oto 6000 v at 400 cps) had
no detectable effect on the total surface area. The surface
area, and hence the flame velocity, was independent of tho
amplitude and phase of the disturbance.

Reference 90 presents measured velocities of burner
flames of butane and air in transveme electric fields (elec-
trodes on either side of the flame; O to 15,000-v potential).
The flame cone was deflected toward the negative ebctrode.
Local flame velocities were computed from the particle-track
method of equation (6); the flame velocity increased on tho
side of the cone near the positive electrode and decreased on
the negative tide by as much aa 50 percent of the original
value. The average flame velocity (total-area method) waa
probably not changed appreciably. The observed vmia-
tions in local flame velocity were in the direction to be ex-
pected if positive ions played an active role in flmne propa-
gation.

Acoustical and mechanical distmbances.-The effect of
sound on propane-air burner flames was also studied in refer-
ence 89. No change in flame surface area, and hence no
change in flame velocity, was observed. Reference 91 like-
wise reports no effect of sound (12.7 kc and known intensity)
on the surface area of propane-air flames. In reference 26,
however, fkune veloci~ was incrensed by 7 or 8 percent, and
sound of medium intensity was most effective.

Reference 92 reports investigation of vibrating flames of
methane, city gas, propane, or ethene that traveled through
transparent tubes of various lengths and diameters against
gas milocitiesslightiy smallerthan the flame velocities. With
carefully selected compositions and flow rates, flames wore
obtained that, after traveling partway down the tube, be-
came saucer-shaped so that they were flat over the major por-
tion of the cross section. Consideration of (1) the circulation
of unburned gas ahead of the flame indicated by tho curling
and uncurling of the flame edges toward the unburned gaa,
(2) the lack of vibration at the point where coupling of an
oscillatory heat source and a vibrating gas column should
have been optimum, and (3) photographic evidenco that
wavea in the unburned gas receded from the flame front at an
-entially constant rate, led to the conclusion that variations
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in flamevelocity were small. locally to the flame and the amplitude of which could be
Reference 26 states that disadvantages in the methods used measured accurately, was obtained with a wire that touched

in generating electrical and acoustical disturbances in refer- the flame and vibrated perpendicular to the flame front sur-
ence 89 were (1) no allowance for a measurement of the initial face. The resulting distortion of the flame surface was simi-
amplitude of the flow disturbance introduced into the flame, lar to that obtained with the alternating-current field or the

and (2) complication of acousti~ disturbances by resonance sound. The surface area of the periodically disturbed flames,
effects. A mechani~ disturbmce, which could be applied and hence the flame v-elocity, was unaffected.

TABLE XVIII.-EFFECT OF INITIAL MIXTURE TEMPERATURE ON LALHNAR FLAME VELOCITY

[Empirical cqudions for flame velocity relative to arbitrary value of 100 at 25° C; pressure, 1 atm. Calculations oan ordy be made -when B, X:
and c are given.]

UF,,,Z=B+c%z Method
Fuel Oxidant Torange,OK and

B
refer-

2? c ence ●

Lfethane ---------------------- u -------------------------- 293-703 ------ ------------ L 70
293-973 ------ ------------ 200 ;
141-615 24 0. 47x 10-~ z 11 3

O~gen ---------------------- 273-1273 ,30 ------------ bssL 70 4

Ethne ------------------------ O~gen ---------------------- 273-773 23 ------------ b200 4

Propane ----------------------- Air a------------------------- 322-411 “
[1

38. ox 10-~ L 38 6
&-------------------------- 307-615 “ :g L 72

200-617 :
307-867 __?!-- ------------ -l!!-- 7

O~gen ---------------------- 273-773 32 ------------ b200 4

koootine ---------------------- Air a---------------_--___---- 311-422 ------ lL 9X 10+ L 40 5

Decade------------------------ &-------------------------- 367-411 (9 7.39x 10-3 L 67 8

l-Dewne---------------------- &-------------------------- 367-411 (9 L 99X lCF3 L 90 8

Benzene----------------------- ti -------------------------- 311-395 w 3. 95x 1(F L 78 8

Toluene ----------------------- &-------------------------- 318-422 P) 2& 90X 10+ L 43 8

Ethene ------------------------ ti -------------------------- 293-773 ------ ------------ 200 2
Air ~------------------------- 322-411 b) 23. 4X 10-3 L 47 5

&-------------------------- 307-615 :2 12 8X 10-3
200-617

L 565
405 L 74 :

Awtylene -------------------- - ti -------------------------- 417–590 ------ ------------ fL80 9

Hybogen -------------------- - &------------------------- - 293-700 ------ ------------ 200 2

Carbon monodde-------------- - m(m)-------------------- - 293-733 ------ --z-8-i iG<-- 200
291-873 13
293-723 --!-- ------------

L 75
200 2

Air (moist) ------------------ - 293-823 ------ ------------ 200 2

Natural gas------------------- - h------------------:------ - 332-756 ------ ------------ 200 9.

Cibgm ---------------------- - &------------------------- - 293-973 ------ ------------ --------
293-773 ------ ------------ zL74 1?

Cok~ven W---------------- - k------------------------- - 283-673 ------ ------------ L 64 12
i

@hfetbodsrmdrelrrerms:
~ ==m~~ ~ti= % ~]~~ ~. @b);ref.10.
3.Innerorontoredgeofcaroskdow,to
4. Lmnfoo

lw%%e advanmddownword),total.arcab,.. C2b,;ref.w
ns-mne-helglttOti_alm$rytiWn.M@, r

6.outeredgeofraleren
! %~%%%~m%~w~~%”~by~~%w%mw~, totdwbyeq. @b);ref.87.
~ k@H~dmm3ngleat0.6rfireL 52

101Lurrrinoukcm;etkalawref.~.
11.W@wns-wne totaf-arwref.S-7.
r2.Lnrrdnoosane-hefgbttot81+reabyeq.(2b);ref.37.

bTh~wmMBWmmti'Wftit~Wmt-wMWfie*@tifor_ondmtiprAm@. AlfSacbs#s~areforleanfn@orygenrnlxbmr&
dSnmerofotfenmmessftdlynmiamplrfcdlyfor

~R%51$m%’?%%%d- h ‘f’”y a~”N=3a:RLw= uodlor domscattmtm greath relyoni-amm.
c Prelrcnfcdordyah.
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THRORIES OF LAMINAR FLAME PROPAGATION

The phenomenon of laminar flame propagation can be de-
scribed by the use of the basic equations of fluid dynamix,
modiiied to account for the liberation and conduction of heat
and for changes in chemical species witbin the reaction zorie.
(An excellent retiew of the theoretii.al concepts of laminar
flame propagation as of 1951 is given by ref. 8, pp. 337–351;
see also ref. 9.) The formulation of the problem requires
equations of continuity- for each chemical component, of
state, and of conservation of energy, momentum, and total
mms. In order to solve these equations for a unique flame
veloci~ (eigenvalue), the following simplifying assumptions
me made:

(1) The flame is one-dimensional.
(2) The flame is steady with respect to time.
(3) Velocity gradients may be neglected; hence, viscosi@-

terms in the momentum and energy equations may be
ignored.

(4) Pressure is essentially constant across the flame front,
so that the equation for conservation of momentum may
be ignored..

(5) The effect of gravity is negligible.
(6) The loss of energy by radiation is negligible.
In order to solve the mass and energy equations, boundary

conditions must be selected. The hot boundary for the
flame reaction zone is assumed to be the condition of ther-
modynamic equilibrium at the adiabatic flame temperature
~TF at =m. The selection of a cold boundary with
respect to the chemical reaction involved in these equations
requires some justification, because the reaction rate never
falls to zero if it follows an Arrhenius type relation

(30)

However, some reasonable approximation for a cold-
boundruy condition must be found. The choice of this
cold-boundary condition is intimately related to the ques-
tion of whether or not a unique flame velocity exists in u
essentially adiabatic system.

Consider a tube of infinite extent, adiabatically isolated
from the surroundings and without heat-absorbing walls,
iilled with combustible mixture as follows:

Unburned gas

-

Burned gas

Sketah (k)

A flat flame is shown moving into the unburned gas. Since
the pipe is of infinite length, the unburned gas far horn the
flame will be changing in composition and temperature
because of the iinite (albeit extremely slow) rate of exo-

thermic reaction, even at To. Only if the increase in tem-
perature and change in composition exactly compensate
with respect to flame velocity effects would a constant flame
velocity be possible. Zeldovich (ref. 51) has shown, and
it maybe seen by comparison of the effect of initial tempera-
ture with the eflect of dilntion on flame velocity (see previous
data sections), that such compensation does not occur for
carbon monoxide flames. This suggests that in an tiito,

adiabatic system a unique flame velocity does not exist.
However, the reactions at To are very slow, and there is,
therefore, a very long period of flame travel before a mms-
urable change in flame velocity would occur. If the equa-
tions for flame propagation including a time-dependence
were set up and solved for short periods of time, the ignition
temperature as a boundary condition should not be required.
If a steady state is assumed, as is usually done, an ignition
temperature is required in the infinite system.

Suppose, howevar, that there is a mixing chamber u short
distance nom the flame, as follows:

Fuel

!

sketch(2)

The problem of slow reaction at an infinite time is thus
eliminated, but the presence of the mixing chamber in the
neighborhood of (even several meters from) ,the flame means
that a small but iinite transfer of heat to the mixing cham-
ber and a small but finite back-diffusion of products must
occur. 13rschfelder (ref. 93), whose comprehensive equa-
tions are presented hereinafter, has indicated that the tem-
perature drop to the mixing chamber need only be 10-o “K
but that the heat transfer is required to describe a steady-
state flame with a unique flame velocity. This kind of
cold-boundary condition closely appro.simates the conditions
under which experimental observations are made, and ac-
counts, at least in part, for the apparent existence of n
steady-tate flame when theoretically such a flame does not
exist.

When the temperature profile for a kuninar flame (fig.
127) was discussed, it waa poin~d out that there is a tem-
perature 1’s at which the chemical reaction becomes appre-
ciable to the extent that a mass element of gaa changea from
mheat sink to a heat source. As will be shown in the fol-
lowing sections, most of the simplified equations for flame
velocity are obtained by assuming the temperature Tz to bo
the cold boundary for the reaction zone. With this assump-
tion, the energy equation can be integrated for the preheat
zone (To to Tz) and the reaction zone (T8 to T~) and solved
Eor flame velocity by equating the two integrals at the T3
boundary, where dT/dx must be the same for both zones.
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COMPREHENSIVEEQUATIONS

The following equations are formulated in reference 94 to
describe the st~d~-state, one-dimensional flame:
Continuity equations:

For each component:

d % KJ+uttf)
z [ & 1

=If (i=l,2,3, . . . j)

For the total:

(#%9u=’uc’~’=”=--
Energy equation:

$($%$[#MfHfY+u’f)l=’

Equation of state:
dp

%’=~%=~T

(31)

(32)

(33)

(34)

where If is the rate of production by chemical reaction of im
species (g-mole/(cms) (see)).

It is assumed that the cold boundary is terminated by a
flameholder that has two properties: It prevents back-
diffusion of product molecules into the gases outside the
cold boundary of the flame tint, and it extracts an amount
of heat qo from the flame:

dT
()‘0=–’ a ~

(35)

Since equations (31) to (34) are formulated in terms of
individual chemiwd species, it is necessary to identify wch
chemical species occurring during the combustion reaction
and to know the enthalpy, molecuku weight, and other
properties of the species. It is also necessary to know the
specific rates of chemical production for a sufficient number
of species so that the rest maybe calculated from the chem-
ical equations relating the various species. In order to de-
termine these chemical kinetic factmw, the scheme of reac-
tion occurring in the flame and the rate constants for each
independent step in the scheme must be established. But
this information is completely lacking for hydrocarbon-air
flames; indeed, few homogeneous, low-temperature chemical
reaotions have been incontrovertibly established. The com-
prehensive equations of =Chfelder and Curtiss have been
solved by ~pproximate methods for only a few of the simplest
flames-for example, the azomethane (ref. 94) and ethylene
oxide (ref. 7) decomposition flamea and the ozone flame (ref.
93) .

Although the comprehensive theory of laminar flames is
necessary for an understanding of flame propagation, it is
currently impossible to use it to predict flame velocities of
hydrocarbofi or
variablea without
It is desirable to

the effects of ‘changes in experimental
making further simplifying assumptions.
develop simpler equations for these pur-

poses, even if some of the theoretical exactnew is lost. Some
of the approximate equations, which usually emphasize
only one process of the total mechanism such as the heat-
conduction process or the active-particle diffusion process,
have proven quite satisfactory for the prediction of flame
velocity.

APPROXIMATEEQUATIONS

Thermal mechtism.-Both the early flame velocity

equations of Mallard and LeChatelier, Nusselt, Jouguet and

Crussard, Daniell, and Damlcbhler and the equations more
recently reported by Bechert, Bartholom6 and Emmons,
Harr, and Strong are based on thermal concepts (ref. 9).
The original, frequently quoted Nlallard-LeChatelier equa-
tion was obtained simply by equating the sensible heat gain
in the preheat zone to the heat conducted from the reaction
zone at the T3 boundary:

r)
ZJ.PUF)(T3-T.)=K ~

8

where it w-asdsmunedthat

hence,

(36)

(37)

(38)

where ?, is the mean specilic heat from T. to T3 (ml/(g)
(°K)). Assumption (37) regards the T,z curve as linear in
the reaction zone with a slope equal to that at % as de-
termined by approaching X3 through the preheat zone. It
involves the chemical reaction rate only indirectly through
the reaction-zone thickness (z~—%). All authora since
Mallard and LeChatelier have included some consideration
of the reaction rate. The mrly equations included an
ignition temperature; however, it is not easy to determine
the proper ignition temperature to use in such equations
(see previous discussion of Ts and @g. 127).

Zeldovich and Frank-Kaznenets~ have derived an equa-
tion for flame velocity for which the beginning basic equa-
tions were quite comprehensive. In its fial simplified and
approximate form, it includes diffusion of molecules but not
free radicals and atoms. k a result, it emphasizes the
thermal mechanism. Semenov (ref. 95) has presented the
derivation of this equation in detail. Because this equation,
hereinafter called the Semenov equation, has been widely
used in the correlation of experimental flame velocities of
hydrocarbons, its derivation is discussed briefly.

In the Semenov derivation, an ignition temperature is used
only as a mathematical device for approximate computation.
Semenov assumes that thk ignition temperature, above
-which nearly all the reaction occurs, is near the flame
temperature, because the chemical reaction rate is an
exponential function of the temperature according to equa-
tion (3o). By approximations, the ignition temperature is
entirely eliminated from the final equation, thus making
the equation more useful than the previous ones. The

409194-0%2S
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following assumptions, in addition to that regarding ignition
temperature and those stated heretofore for the compre-
hensive theory, are used: “

(1) DMusion is impmtant only as it affects energy balance.
(2) Flame velbti~ maybe described in terms of an ovar-all

chemicnl reaction; equations are set up in terms of zero-
order, first-order (mohotnoleculsr), or second-order (bimole*
ular) reactions.

(3) Specific heat c, and thermal conductivity ~ are
constant.

(4) Thermal d.iffusivity K/CpP is equfd to molecukr dif-
fusivity D.

(5) Total number of molecules is constant. ~

The basic equations, which may be compared with the
corresponding exact equations (32) to (34), ‘tie * follows:
Continuity equation:

Energy equation:

Q=pu=pD.

Equation of state:
PT.= d
Po T

(32a)

(33a)

(34a)

The energy equation consists of three terms, the first
representing the heat gained by a mass element through
conduction from a hotter element downstream, the second
the 10= of heat through maw transfer, and the third the
heat evolved by the chemical reaction. In the preheat zone
XOto %, it is assumed that no chemical reaction occurs; and
in the reaction zone % to XF, it is assumed that the net
energy loss due to mass transfer may be neglected in wm-
parison with the chemic.akwction and heabconduction
terms. Wltb these assumptions, the equation is solved for
UF by integrating over the preheat and reaction zones
separately and establishing the condition of continuity by
equating dT/dx at z=% for the two zonea. The result is

(39)

In order to evaluate the reaction-rate integral in equation
(39), an Arrhenius type temperature relation is aasumed.
It is generally assumed that the ovu-al.l reaction is bimolec-
ular and second+rder with respect to fuel and oxygen.
Following the Semenov derivation, the rate integral is

(40a)

(40b)

where ~.,,~~ and ~%,,~f are the eilective merm concentrations
of fuel and oxygen in the reaction zone (molecules/cma).
Semenov states that the approximation for the exponcmtinl
tirm obtained from equations (40a) and (40b) is satisfactory
for RT=/Em,S0.1.

Approximate solutions must be obtained for the cdfectivo
concentration terms. The relation betweeri concentration
and temperature is flint established for a zero-order reaction
as follows: A new variable, e =CP(T— To)/Q,,,is introduced
into the ene~ equation to give

(41)

which is formally identical with the continuity equation
(32a), because, by assumption (4), ~/cp=Dp, It con be
shown that the boundary conditions of these equotions
m~cide at X. ~d Xp. Jf %“=9 for tie en~e ~temal, a
relation between concentration and temperature is obtained:

cPT+~rgQii+ti~To +~rr,oQra=cprF (42)

Equation (42)means thati the sum of chemical and thermal
energies is constant throughout the flame (a condition that
hol,$s only where assumption (4) is valid). Following the
approfiation Wtique wed by Semenov, this relation is
modi.lied for ~f,,rr and ~%,,lf for the bimolecular reaction

where
RT;

‘=E@,(T,–To)

(43)

(44)

(46)

and

()
~o–:o zoo (46)

2. 8$

whare (~f,ol~i,o),~ is the stoichiometric fuel-o.xygm ratio.
Corrections may now be applied to some of the assump-

tions as followw Assumption (3) is correctdd by the use of a
mean value of K/Cflfor the preheat zone, and it is assunmd
that physical properties in the reaotion zone may be repre-
sented by their values at TF. For the bimolecular reaction,
assumptions (4) and (5) are corrected by inserting the factors
(K/C2p~)~ and m’, respectively, under the square root sign in
equation (39) (m is the ratio of moles of reactants to mole-s
of products in the stoichiometric reaction). These correc-
tion factors and equations (34a)j (40b), (43) or (44), and
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(46) are substituted into the flame velocity equation (39).
After collecting terms, the resulting equation for rich mixtures
is:

For lean mixtures, the term [1– (1–fl)/p] is replaced by
[1–P(1 –/3)], and for stoichiometric mixtures it becomes
simply p.

All the factors in equation (47) except @ and E.., can be
estimated by extrapolation of thermodynamic tables (refs.
96 and 97) and by use of the following equations:

‘=(’$+iw (49)

D=l.336 : (50)

~ dwr,r+dwog‘( 2 )48”2(?2) ‘“)

where cj is the molar heat capacity (cal/(g-mol&) (“K)).
The values of N for combustion-product mixtures were
determined by the additive volume rule analogous to equa-
tion (47) and were within 1 percent of values calculated by
the method of reference 98.

For lack of bettw knowledge, low-temperature activation
energies reported in the literature for the appropriate hydro-
carbon oxidation may be substituted for E.cl. For example,

o Experiment al

—–— Tanfwd-%e eqwlion (k; )

Tontid - Peose (~ati,w titkxl ) ord

Semenov thmlecdor equottin

o 500 600 700
xture temperature, ~, “K

FIGUFtE143.—Comparison of measured and calculated burning
volocitiee for ethene-afr mixtures at dffferent f.nitial temperatures’
(data of ref. 16 and csloulatfons of ref. 49). .

the following activation energies (kcal/g-mole) were used
for burning-velocity predictions in references 49 and 16:
methane, 51 (ref. 99); propane, 38 (ref. 17); and ethene, 40
(ref. 100). In reference 49, the steric factor@ was calcu-
lated from each experimental tie veloci~. These values
of @were then averaged to give Z for the group of data
under consideration. The ratio of predicted to experimental
flame veloci~ was calculated as (2/@)l/2 for each point.

l?igmw 143 and 144 illustrate the agreement between
experimentalflame velocities and the relative values obtained
by multiplying the experimental vtiluw by (@/@)’i2. The
relative predictions are satisfactmy for these three- to
sevenfold incre.uxs in flame velocity that result from changes
in initial temperature or Ofi~ ratio. The accuracies of
these and other predictions for methsme, propane, and
ethene are indicated in table XIX by the average percent
deviation of (2/@)llz hm unity for each of the data ranges
studied.

Equation (47) may be further simplified for particular
purposes by making additional assumptions. For example,
in order to predict the effect of initial mixture temperature
on flame velocity, the non-temperaturedependent terms may
be elimhated to give (ref. 16)

(gjq

Here it is aasumed that the physical properties of the
combustion-zone mixture have essentially the same tempera-
ture-dependencea as the same properties have for air; these
temperature-dependences for air are estimated (ref. 101) m.
follows: mTO&;cpaZ’Om;%f,.apa 2?1;andDap/paTl”a. The
temperaturedependence of Z has been neglected; Semenov
actually did not consider Z, and it does not greatly ailect the
results of equation (52). Relative flame velocities (ref. 49)
predicted by equation (52) are almost as good as those
obtained with the more tedious procedure of equation (47).

Thus, the Semenov equation, which is based primarily on
a thermal mechanism but is more comprehensive than earlier
thermal theory equations, gives satisfactory relative pre-
dictions for flame velocitie9 as either the initial temperature
or the ratio OJNZ is varied over a wide range or equivalence
ratio is varied over a narrower range (table XIX).

Difhmional mechanism.-several approximate equations
for burning velocity have been derived in which the diffusion
of atoms and free radicak has been considered of major im-
portance. These equations are based to some degree on
speculation, but they do follow from considerations of flame
structure and the possible influence of a small concentration
of reaction-chain initiator on the rate of the chemical re-
action and subsequently on the process of flame propagation.

The reasoning for a diflusional mechanism begins with the
assumption that potential osidation chain carriers such as
hybogen and o~gen atoms and hydroxyl radicals are present
in the flame front (zone of mfium temperature) in the
thermodynamic equilibrium cm.mentration for the flame
tempewture (ref. 102). Because some of these particles,
especially hydrogen atoms., diiluse rapidly, it is further
assumed that the concentration of chain carriemin the colder
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FIGURE144.-Comparison of predioted and experimental flame velocities (ref. 66).
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TABLE XIX-PERCENT AVERAGE DEVIATION IN RATIO OF PREDICTED TO MEASURED FLAME VELOCITY

Hydrocarbon

Mothnne -----

Propane -----

Ethene ------

0$
Equivalence ratio, p ~

fraotion

Stoiohiometrio *0.20 --.- _--.__l 0.21

Max. burning velooity --------- .21

Stoiohiometrio *0.20 __________ 0.21

Max burning velocity ----l---- 0.21

. 17–. 50

Stoiohiometrio *0.20--_-_--_l-l 0.21

Max. burning velooity --------- 0.21
0

. 17–. 35

Initial tem- Burning-
peraaue, velocity

range,
om/wo

1307 26-36

200-615 19-133

302 26-40

200-615 23-141

422 33-305

298

+

58-65

200-615 36-196

422
I

69-287

~ Average deviation, percent ~

3.0 46 ---- I t18 5.3

factor ~ond percentnverogedevlntlerrIscaladetcdby ‘ ‘ ~ ‘xlmJ,Wherenk rmmlmrofdetapoints.

unburned gas ahead of the flame front is increased by diffu-
sion to a value far greater than the thermodynamic equilibri-
um concentration for that region (e. g., table XX, tim ref.
103). A concentration proiile similar to that shown in figure
145 is obtained. Even in the cold gas these active particles
react rapidly, because chemical reactions involving atoms
and free radicals generally have low energies of activation;
that is, the reaction rate is not very dependent on the
temperature. Therefore, these active particles could serve
ns initiatom of the oxidation reaction. Since the concentra-
tion of active particles reaching the unburned gas by dif-
fusion must be related to the maximum concentration in the
flame front, the conclusion is that flame velocity should be
related to the equilibrium concentrations at the adiabatic
flame temperature.

It is diilicult to measure the concentration of hydrogen
Moms in a flame zone, but hydroxyl radicals [OHl may be
observed spectroscopically. By use of this method, it was
found in reference 104 that the relative concentration of
hydroxyl radicals remained high in the unburned gas ahead
of the visible flame zone (fig. 146). Reference 105 shows

TABLE XX-HYDROGEN ATOM CONCENTRATION IN
COMBUSTIONZONE OF MOIST CARBON MONOXID&

x,

om

——

0
.002
.004
.006
.008
.010

OXYGEN FLAMES (Ref. 103)

Looal
mixture

temp::ture

2930
2630
2330
2030
1740
1460

H atom, mole fraction

LOIIiuWmti-

2.4x 10-$
8.6X104
2.3X lW
4.OX1O-E
44X104
2.2X 10-7

Diffueion
(w. (54))

2.4OX1O+
2.37X1O+

2.34X lR
2.32x 10_s
2.29X1(P
2.26x l&3

that the width of the reaction zone for several hydrocarbon-
air and -oxygen flames as determined from the temperature
proiiles of the flames is roughly equal to the limit of diflusion
of hydrogen atoms from the flame front into the unburned
gas. Measurements and calculations such as those of table
~ substantiate the assumption that the concentrations of
active particles that diffuse ahead of the flame may be large
enough to be importmt.

A
&H,- Hydrogen otom concentmt!m

5
=
P

1!
Burned ~ Active porticles

gns
b

d s

E R?octhm
— Unburned gos

3
:
w

r
P \ T= O

X=o
Distonce, x

FIQUW 146.—Model of strnoture of flame front (ref. 103).

‘H-
of visible 1 \
rodiotion, \

/ \%

/“’ ‘\
Twof lmrner \

o I
Verticol extension of fbme

FIGmm 146.—Mesured hydroxyl radiofd concentration in acetylens-
air flame. Pressure, 66 millimeters of memury (ref. 104).
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From studies of the slow oxidation of hydrocarbons (ref.
8, pp. 94-202), it seems probable that the chemical reaction
in the flame follows a chain mechanism. As previously
stated, the activation energies of reactions betweau fiel
molecules and chain carriers are low (usually 10 kcd or
less, ref. 106). Hence, the assumption that the introduc-
tion of a few chain carriem into relatively cool gas could
initiate the flame reaction may also be valid. The difkion
model of flame propagation thus qualitatively follows bow-n
features of the structure of the flame and the oxidation reac-
tion. Tanford and Pease (refs. 103, 107, and 108) have
derived an approximate equation for flame velocity based
on the diffusion model. In addition to the assumptions
listed for the comprehensive theory, the follow@ simpli-
fications and assumptions were made:

(1) Chain branching does not oc~ur.
(2) The rate-controlling step (or steps) in the chemical

chain reaction is the reaction of an active particle, such as
the hydrogen atom, with a fuel molecule; for example,

H+ CIE@.products (53)

(3) The number of active particles is Calculated from the
linear continuity equation

“(%$)+%2)+’”0 (54)

where Ii is the rate of production of the active speciesregard-
less of the reaction order of process (molecules/(cms) (see)).

(4) The rate of formation of combustion products per
unit area of flame surface can be written as the integral of a
sum of a number of terms, one for each active particle:

(55)

where ki is the specitic rate constant for reaction between
the dh active species.

(5) Through each unit area of flame surface, the unburned
gas is converted at the flame velocity to products of complete
combustion, so that another expression for product forma-
tion is:

(56)

where %t,0is the total number of molecules per cubic centi-
meter at initial conditions, and XP is the mole fraction of
potentitd combustion product in unburned gas.

(6) The fuel concentration, combustion-zone tempera-
ture, and diffusion coefficient are expressed as constant mean
values, %f,m, T., and D=, respectively. The ratio T./TO is
called f3., and T= is arbitrarily assigned the value 0.7 T=.

Complete details of the derivation are given in reference
10S. The continuity equation (54) is solved for %f, which
is then differentiated to give ?)%f&. By equating the two
simplified expressions for product formation under (4) and
(5), substituting for i3$@c, and making the indicated

integration, there is obtained the
velocitv:

square-root law for flamo

Xr.o
e.
Xf.p

Df~

B,

mole fraction of fuel in unburned gas
0.7 Ix/To
calculated mole fraction of iti active species at cqui-

l.ibrium flame temperature TF
dilfusion coefficient for i’h species into unburned gas at,

mean combustion-zone temperature, cm2/sec
dimensionless factor (near unity) that allows for radicnl

recombination
Tanford and Pease have substituted D~,Ofor D{,m/O&thus
assuming that the difFusion coticient is proportiomd to tho
square of absolute tempera@re.

l?or predicting relative flame velocities of hydrocarbons,
equation (57) has been modiiied (ref. 49) as follows: Tlm
active particles are considered to be H, OH, and O. It is
assumed that Df varies with the 1.67 power of absolute
temperature and that .&=&= 1. It is further assumed
that the spec%c rate constants k~ of equation (55) cm bo
replaced by a weighted mean specific rate constant kw
representing all three active particles, so that

~klX~,~Dt.m-k~ Xw~DE, o
Bi - ( )

B= +XO=,FDOE,.+Xo,~Do,O 9~07
i

(68)

where the recombination factor B= is calculated by (ref. 10S)

(69)

The required flame temperature and active-particle concen-
trations are calculated, assuming adiabatic thermal equi-
librium, by the method of reference 109. DifFusion coe5-
cients are computed by the Stefan-N1axwell equation (ref.
110) to be 1.78 for-H, 0.28 for OH, and 0.4 for O at 298° ~.

The quantities ~,,~, X1,., X%,., and Xv are cnlculatecl from

a know-ledge of the over-all oxidation process and the initial
fuel and oxygen concentrations.

With these motivations and substitutions, equation (67)
has been used in two w-ays with comparable success. In the
fit case, k= was treated as a semiempiricnl constant indep-
endent of temperature; it was calculated for each flamo
velocity from equation (57). The avernge Ictifor the group
of data under consideration wns called ~~, and the ratio of
~redicted to measured flame velocity was calculated as
(%m/k#. The mean deviation of this factor from unity is
given in table XIX. In the second method, the Arrhenius
rate expression

kw=p~w ~-%.,wl~. (60)

was substituted. The two unknowns au and Z&,v in this
mqmssion were calculated simultaneously from tho flame
velocity data in which the initial temperature wns varied.
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The r~suhing ~a.’,m was used for the prediction of burning
velocities for the same hydrocarbon under other experi-
ment~ conditions. For each set of experimental data a

new @w was calculated (table XIX).
Fairly satisfactory predictions of maximum burtig

velocity for hydrocarbon-air mixtures in which the molemdar
structure (chain length, branching, saturation, etc.) of the
hydrocarbon is varied may be made by either the Tanford-
Pease equation (fit method, ~u independent of temperature,
ref. 111) using an average empirical rate constant for all
compounds emept acetylene and ethene, or by a simplified
form of the Semenov equation using an average steric factor
and a constant activation energy of 40 Hlocalories per
gram-mole for all compounds except acetylene and ethene

(ref. 112). E~amPlw of these predictions are shown in the
following table: “

I Burning velocity, cm/seo

Hydrocarbon in afr

Measured

hlethane ------------------ 33.8
Propane ------------------ 39.0
Hemne-.---_--.--.------- 3& 5
2-bfethylbutane ------------ 36.6
2,3-Dimethylbutane -------- 36.3
2,2,3-Trfmethylbut ane------ 35.9
Propne------------_------ 43.8
l-Hesene--------------_--- 42.1
>Ethyl-l-butene ----------- 39.3
Prop~o-------.---_------ 69.9
l-He nc-----------------

?
4a 5

Cyclo exane--------------- 3&7
Benzene ------------------ 40.7

Calculated

PTa ord-
Pease eq.
(ref. 111)

33.9
37.7
37.3
37.1
37.0
36.6
46.3
41.7
40.7
61.3
48.6
37.4
40.4

;alculated
by

Semenov
eq. (ref.

112)

40.2
39.0
37.2
3& 8
39.1
37.0
48.9
42.0
41.7
649
46.0
3&3
44.5

Miscellaneous approximate equations.-Other equations
for burning velocity that are either based on a di&uional
mechanism or include a diilusion concentration have been
derived by Van Tiggelen, Gaydon and Wolfhard, and Man-
son. Details of these derivations and references to the
original papers are given in reference 9. The final burning
velocity equations are as follows:

Van Tiggelen:

(61)

where M is the molectiar weight of active particles, and T=
is the mean temperature of the reaction zone.

Gaydon-Wolfhard:

DnTo
u,=——————

2Z,Tm

hlanson:

u.=
d

PF PXHT.
PO(PO-PF) ZTF

where p is the pressure (dyne/cmz), and
fraction of hydrogen atoms in burned gas.

The Manson equation is derived horn

(62)

(63)

X= is the mole

an aerodynamic

model of the combustion process (eq. (7)) and does not
include chemical kinetics. The flame chemistry enters only
through pXH, which h~ been substituted for the flame
pressure drop. It is interesting to compare flame velocities
predicted by this equation with the Semenov and Tanford-
Pease predictions., In reference 49, equation (63) was used
to predict flame velocitiw in two ways: (1) An empirkd
proportionality factor k= was evaluated for each set of ex-
perimental data (table XIX), or (2) the effects of all types
of active particles were considered by substituting

(64)

for X= in equation (63). In this ca~, again an average
proportionality constant designated as kz was used for each
set of experimental data (see table XIX).

Table XIX and the other work reported in reference 49
show that burning-velocity predictions from either form
of the Manson equation are not as consistent as those from
the Semenov or the Tanford-Pease equations. The average
deviation of the predicted velocities fkom measured values
is about the same for the Semenov equation and for the
Tanford-Pease equation (method (2)) using an empirical
activation energy.

Neither the Tanford-Pease equation nor the Semenov
equation gives as good predictions of burning velocity when
the empirical factor determined with one variable is used
to predict the effects of other variables. When the empirical
factor calculated for ethene flames from equivahmce-ratio
data was used in the Semenov equation to predict flame
velocities over the ranges of initial temperature and oxygen
concentration covered experimentally, the predicted veloc-
ities ditlered from the measured vdocities by an average of
14 percent. The maximum devia~on was 24 percent.
Similarlyj an average rate constant kw calculated fkom the
ethene-air data over a range of concentrations used with
the Tanford-Peaee equation gave burning-velocity predic-
tions for ethene-air mixtures at various initial temperatures
that deviated horn the measured burning velocities by
—9 to 13 percent with .an average deviation of 6 percent.
Predicted flam~velocities for various oxygen concentrations
with the same kmdiffered from experimental values by 8 to
22 p,wcent with an average deviation of 12 percent.

In conclusion, if su.iiicient burning-velocity data are
available to evaluate the necessary empirical constants,
fairly good predictions of burning velocity can be made by
semitheoretical methods for hydmcarbon+qgen-nitrogen
systems in which the following are varied: (1) molecular
structwce of hydrocarbon, (2) equivalence ratio, (3) initial
mixture temperature, or (4) the o~gen concentration in
the oxygen-nitrogen part of the mixture.

Evaluation of thermal and diilusional mechmisms.—
Correlations of measured burning velocities with valum
predicted by approximate theoretical equations or with
parameters from these equations have been presented from
time to time as evidence that either a thermal or a diilusiomil
mechanism of flame propagation is operative. For example,
approximate equations based on a thermal mechanism gener-
ally indicate a relation between flame velocity and thermal
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FIGURE 147.—Variation of burning velocity with hydrogen atom
concentration for flamea of different initial mixture temperate
(ref. 16).
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FIQU-IIB 148.4rrelation of rnfixkoum burning VdOOi@ with
relative dMusion oonc-entration of aotive partioke for propane-
oxygen-nitrogen mixtures. Variable oqygen concentration . of
atmosphere (ref. 66).
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FIGmm 149.—Variation of burning velocity with relstive diffusion
concentration of active patilolw for three hydrocarbons in air for
range of hydrocarbon concentrations (ref. 39).

conductivity, ~hww those based on a diflusional mecha-
nism generally indicate a relation between flame velocity
and equilibrium concentrations and diflusion coefficients of
the active particles. Many such correlations aro reported
in the literature. These include studies of the following
variables: (1) mixture composition (or equivalence ratio),
(2) molecular structure of the fuel, (3) initial mi..tum
temperature, (4) pressure, (5) fuel additives, (6) isotope
substitution of deuterium for hydrogen in the fuel, and (7)
change of inert diluent. The correlations based on ditTu-
sional mechnnkns are summarized in table XIV; references
to the original papers in which these correlations were’given
and to figures showing representative mamples (figs, 147 to
149) are also given.

The generality of the correlations between flame velocity
and active-particle concentmtions indicates a need for a
critical study of the physicnl signiikance of the diffusion
concept. Judgment or understanding of ,the physical
significance is ~cult for several reasons:

(1) Equations for heat conduction are mathematically
similar to those for difilon, so that burning-velocity
equations baaed on either n thermal or a diffusion mech-
anism of flame propagation are similar in form.

(2) The calculated equilibrium concentrations of active
particles depend strongly on the temperature of the flame.
Moreover, these calculated ccmcentrationsmay not ropresont
the concentrations that @tin the flame.

(3) All the equations that may be used to test the espori-
mentxd data are based on broad simplifying assumptions,
and the validity of many of these assumptions varies for
diilerent combustion systems.

(4) The chemical kinetic factors that occur in the equotions
have not been independently detemnined (and probably will
not be determined for many years).

(5) Thermal and transport properties of mixtures at high
temperatures and diflusion coefficients for atoms and free
radicals used in the equations are questionable.

(6) The precision of burning-velocity measurement is
usually 2 to 5 percent, while the accuracy is probably much
less.
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Many detailed studies of various combustible systems have
been published (table XIV), and experiments have been
designed with the purpose of distinguishing between the two
mechrmisms. Two such experiments are studies of the
effects on burning velocity of the change in diluent from
mgon to helium (e. g., ref. 113) and of substitution of a
deuterated hydrocarbon for a hydrogenated one (ref. 114).
In the former case the flame temperature remains essentially
constant, while diffusion coefficients and thermal conductiv-
ities change. In the latter cnse the major change is in the
most important type of chain carrier, which is usually the
hydrogen atom but which, on the substitution of a deuterated
compound, becomes the deuterium atom. Critical examina-
tion of all such experiments shows that diifueion effects do
not give unique explanations of the experimental data; only
two experinmntrdinvestigations appear to favor one mecha-
nism ovm the other. Both indicate that *ion may be
mom important than heat conduction:

(1) Non-hydrogen-containing combustible systems to
which water or hydrogen is added show increased burning
velocities, while hydrogen-containing systems are not greatly
affected. The increased burning velocity is explicable on
the basis of free-radical diffusion. For one of the two non-
hydrogen-containing systems studied (CO-O,), the burning-
velocity effect on addition of water (refs. 64 and 115) is
also explicable on a conduction-mechanism basis (ref. 115).
The other system (C,N~~A, ref. 116) is not so easily
esplained on a thermal basis.

(2) Changes in burning veloci~ caused by inter~anging
argon and helium as diluents are closer to the predictions

of diffusion theories than those of thermal theoriu, as
shown by table ~ (ref. 113). In this table, the ratio of
flame velocity of a tixture conttig helium to that of a
ti~ture containing an equal volume of argon is compared

tith the ratio of the square roots of the thermtd conductivities
of these mixtures and with the ratios of the square roots of
the Wlusion coefficients of various active particles. The
ratios of clifl%sion coefficients are closer to the flame velocity

ratio than is the ratio of thermal conductivity for all the

fuels listed except hydrogen.

Neither of these pieces of evidence is very strong, and both
are subject to criticism as to the validi~ of the criteria used

to judge which mechanism is operative. It is probable that
both heat conduction and the *ion of atoms and free
radicals contibute to the propagation of flame, and that

both concepts are needed to explain flame behavior. A
better understmding of the mechanism of laminrm flame
propagation in the future w-ill result from the further devel-

opment of the comprehensive theory and the investigation
of the chemical ~etics of flamw.

APPLICATION OF LAMINAR FLAME RESEARCH TO
PRACTICAL COMBUSTION PROBLEMS

A high flame velooity contributes to maximum heat release
per unit volume and enables an air-breathing engine to

operate at high throughput rates tithout blowout. ~t lms
been suggested, however, that in some cases a high flame
velocity may contribute to instabili~ in the region near a

flameholder through increased shear; see ch. VI.) The

chemical factors that are important in obtaining a high
flame veloci~ are the fuel-oxygen ratio, the molectiar struc-
ture of the fuel, amd the mole fraction of oxygen in the air
used. The only physiad factor that has an established and

appreciable effect on the laminar flame veloci~ is the initial
mixture temperature. (The effects of flow parametem on

turbulent flame velocity are discussed in ch. V.) The effects
of these factors and of lees important factors are summarized
in the following paragraphs.

As the fuel-orjgen ratio is increased from the lean flam-
mabili~ limit, the flame velocity increases by a factor of 3

or 4 to a maximum value at a fuel-o.wgen ratio that is 1.0
to 1.2 times the stoichiometric ratio and then decreases to
give a rather symmetrical pattern about the masimum.

This shows the irnportrmce of proper fixture preparation,
as discussed in Aapter I. Between the lean flammability

limit and the stoichiometric mixture, the flame veloci@
may be related to the fraction of stoichiometric fuel-o~gen

TABLE XXI.-COMPAIUSONS FOR FLAMES WITH ARGON AND HELIUM AS INERT (Ref. 113)

Fuel
Fuel,

percent

GO,-------------. 8
10
13

co6@---------- 50
37

I CH,----------_.--[ 10

H*---------------- 21

I&H, ------------- 6
7.7

10

I I

Inert, I

Property with He as inert
Property with A as inert

pement
I --,

1----1
73
71
69

20
40

L 61
L 54
L 55

L 09
L28

2.69
2.67
264

1.37
L 95

71 I L39 I 265

68 2.40

75 L42
73 L 43
71 L 46

L 94

271
270
268

I

L 30 L 39 1.41
L 28 L 38 L 39
L 27 L.35 L 37

L24 La L44
L 23 1.40 1.43
L 22 L 38 1.41 I

413M04-G%24
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ratio by an equation such as

u,—=2.6 log p+ 0.94
UF.naTC

which holds for ethene-, propyne-, and pentane-air mixtures.
Empirical methods based on the bond dissociation energy
of the fuel are reported by which UF,nUUand the correspond-
ing p may be predicted.

The maximum flame velocities of all hydrocarbons with
air at 25° C and 1 atmosphere fall in the range 30 to 80 centi-
metera per second, with the exception of acetylene at 142
centimeters per second. Within this range, the following
molecular stmctural features contribute to high flame ve-
locity: short chain length or small cycloalkane ring size,
unsaturation, and minimum chain branching. The effects
of unsaturntion and branching become smaller as the chain
length increases. Aromatic compounds generally have
flame velocities equal to or smaller than the saturated
hydrocarbons (alkanes, UF = 40 cm/see), and chain branch-
ing has less effect on them. Alkyl oxides (e. g., propylene
o.side) have higher flame velocities than their parent alkenes;
aldehydes and ketones are generally intermediate between
Wmnes and alkenes; and alcohols and ethers are near the
alkanes.

An empirical equation has been developed for the flame
velocities of aliphatic hydrocarbons based on the number of
various types of carbon-hydrogen bonds. The flame veloc-
ity of a mixture of h-jd.rocarbons is related to the individual
flame velocities through

ATOadditives, including antiknock compounds, have been
found that w-ill increase flame velocity beyond the mixing
effect given by the preceding equation for constant-pressure
combustion. Water decxeases the flame velocity of hydro-
carbons somewhat, but not as much as an equal quantity
of nitrogen.

A factor that could enter the jet combustion picture either
through deliberate oxygen enrichment (e. g., for a pilot
flame) or through vitiation of the combustion air (as in
tailpipe burning) is the oxygen-nitrogen ratio, or more
generally, the oxygen-inert ratio. For hydrocarbon-o~gen-
nitrogen mixtures, there is a linear increase in maximum
flame velocity as the mole ratio O,/(Ot+N,) is increased from
0.15 to 0.35. Empirkal equations have been presented for
a number of hydrocarbons. If the nitrogen is replaced by
an equal volume of chrbon dioxide, argon, or helium, the
flame veloci~ of the mixture increases in the order carbon
dioxide<nitrogen< argon<helium.

The flame velocity can also be increased several times by
increasing the initial mixture temperature, according to a

relation such as that for propane-air in the range 200° to
615° K:

UF,,ez=25+0.00086~o

This shows the advantage that could be obtained with n
fuel injector that would inject hot gaseous fuel into hot
primary air. For the smaller temperate range 290° to
420° K (or 520° to 760° R), it appeara that UFCCT01.4would
be a reasonable assumption for many hydrocarbons, with
the power increasing toward 2.0 as the high end of the tem-
perature range is increased.

At present, it appears that pressure has a negligible effect
on flame velocity; at most, UFwp-O=. Electric fields and
acoustical and mechanical disturbances also have little or
no effect.

Considerable advances have been made in recent years
in the theory of the propagation of a one-dimensional steady-
state flame. Comprehensive equations have been pruentecl
that take into account all the chemical species involved in
the flame reactions with the necessary reaction ratm and
-Ion rates for each species. These comprehensive
equations have been solved by numerical integration for the
simplest tids of flamea, but the present state of knowledge
does not allow their solution for the flame velocities of com-
plex hydrocarbon flames. Instead, various simpler, approxi-
mate equations for the huninar flame velocity have been
presented. Most of these approximate equations consider
flame propagation to occur through a mechanism that is
based primarily on either the conduction of heat from the
flame to the unburned gas (thermal mechanism) or the
diffusion of active reaction centers into the unburned gas
(diflusional mechanism). This chapter has shown that both
types of equations, as represented by the $emenov and
Tanford-P~e equations, can be used to predict, generally
within 10 or 20 percent, the relative changes in flame velocity
mused by changing the important chemical and physical
factors.

The question is repeatedly raised whether heat con-
duction or active-particle diflusion is more important in
laminar flame propagation. Since both types of equations
usually give equally good relative predictions of flame
velocity for the chemical and physicnl factors that are of
interest to engine applications, the question remains un-
solved. There are two experimental investigations, neither
of -which can be considered final, that appear to favor a
diffnsionidmechanism. One shows that the addition of water
or hydrogen to non-hydrogen-containing combustible mix-
tures increases flame velocities, while hydrogen-containing
systems are not greatly affected; the other shows that
changes in the flame velocity caused by interchanging argon
and helium as inert diluents are closer to the predictions of
diilusional equations than to those of thermal equations. It
is probable that both heat conduction and active-particle
diflusion contribute to the propagation of any flame; both
are included in the comprehensive equations.
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13stonce, z, cm

FIGURE 160.—LoosI and integrated heat-relmse ratea as functions
of distrmco through flame. Beginning of luminous zone designated
by c=O; mw ati-propane ratio, 29.2; absolute preesure, 0.0594
atmosphere; initial temperature, 46° C; 26-centimeter flat-flame
burner (reprinted by permission from ref. 6).

Another use of the equations describing laminar flame
propagation and of some of the recent experimental investi-
gations that is of interest in engine applications is the
calculation of maximum heat-release rates in larnimwflames.
Zoldovich (ref. 51) and Avery and Hart (ref. 117) have
used thermal equations to calculate heabrelease ratea of
101°and 10g (13tu/(cu ft) (h-) (atm~) for carbon monoxide
and butane flames, respectively. Avery and Hart point
out that a heahreleme rate of approximately 108 (Btu/(cu
ft) @r)) has been mhieved at 1 atmosphere in a ramjet
engine and thrd this indicates the possibility that combustion
rates under mmjet conditions of maximum heat release
may be. determined by kinetic factors rather than mixing
times, Friedman and Burke (ref. 6) have used an energy
equation analogous to equation (35) together with their
experimental temperature profile to calculate the heat-
roleaserate as a function of distance through a lean propane-
air flame at 0.06 atmosphere, with the results shown in figure
150.

Empirical relations for the effects of such factors as the
ratio Oz/(Oz+NJ and the initird temperature have already
found use in correlations of engine performance. These
rmd other correlations for engine combustion efficiency and
stability that include terms for the chemical reaction rates
me discussed in subsequent chapters.
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CHAPTER V

TURBULENT FLAMES

By MELVINGEESTDI~

INTRODUCTION

The previous chapter is concerned with laminar flames in
which a smooth, discrete flame zone exists. Such smooth
flamea (e. g., fig. 128) occur when the unburned-gas flow is
laminar and undisturbed (ref. 1). Small flow disturbance
may distort the flame surface (ref. 2) and influence the
rate of flame propagation somewhat, but the discrete reac-
tion zone remains. If, however, the unburned-gas flow is
made turbulent, a diffuse, brushy flame results, and the
rnto at which the combustible mixture is consumed increases
greatly. The turbulent flame, unlike the laminar one, is
often accompanied by noise and rapid fluctuations of the
flame envelope.

For the laminar flame, it is possible to defie a flame
velocity that, within reasonable limits, is independent of the
experimental apparatus. It would be equally desirable to
define a propagation velocity for turbulent flames that
would be independent of the experimental apparatus and
depend only on the fuel-air mixture and some easily identified
properties of the flow. This is not yet possible, however,
and the numerical values of turbulent propagation velocities
depend not only on the experimental technique but also on
the concept of turbulent flames assumed by the investigator.
Similarly, the theoretical concepts of turbulent flames are
not so well defined as laminar flame theories. These points
should be kept in mind during consideration of this chapter,
in which the current status of knowledge in the field of
turbulent flame propagation is discussed.

SYMBOLS

The following symbols are used in this chapter:
A
a
@
b
Cv
d
E
9
AH,4
K

$
P
A~v
Re
~

cross-sectional area
constant
constant
height
specific heat at constant pressure
diameter
energy
function
heating value per unit volume of fuel-air mixture
constant
constant
scale of turbulence
pressure
space heating rate
Reynolds number
correlation factor

and GOEDONL. Dummm

radius

surface area
temperature
flame thidmess
time
velocity
turbulent component of turbulent flame velocity
fluctuating veloci@ in direction
intensity of turbulence
fluctuating velocity in y-direction
volume
volume flow rate
vl,,o/vF

duct half-width
flame half-width
maw-flow rate
longitudinal distance
mean displacement
distance perpendicular to x
eddy di%nsivity
fraction of fuel
thernd conductivity
kinematic viscosity
density
equivalence ratio
chemicfd reaction rate

Subscripts :
au

bg

&
F
L
La
m
m

>
P
re
l-’
t
tube
Un
Y

;

average
burned gas
cone
Eulerian
flame
laminar
Lagrangian
mean
maximum
initial conditions
perturbation
port
reaction
turbulent
total
tube
unburned gas
perpendicular to x-direction
eddy
inflection point
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CHARACI’ERISTICSOF TURBULENTFLAMES

The nrdmre of turbulent flames has been studied by the
photographic techniques developed for lamiuar flames
(ch. IV). Unlike the laminar flame, however, the flame
surface is very complex, and it is di.t%cultto locate the var-
ious surfaces that are used to characterize lamimw flames.
The characteristics of some turbulent flames are described
briefly in the following sections.

BUNSZNFLAblZS

The turbulent Bunsen flame h% probably received the
most attention. Lamiuar and turbulent Bunsen flames
are shown in figure 151, which compares time exposures
of the luminous zones of a laminar and a turbulent flame.
The Muse appearance of the time exposure of the luminous
turbulent flame zone is due to the rapid oscillations of a
wrinkled flame front, which can be seen in instantaneous
schlierenphotographs (ref. 1). Superposition of the schlieren
photograph on the luminous photograph shows that the
random fluctuations of the instantaneous flame front are
contained within the luminous envelope (ref. 1, p. 481).

Flame height.-iis long as the approach flow of unburned
gas toward an open flame remains lwmimw, an increase in
the iaverage stream velocity is maintained according to
equation (1) of chapter l_V. The cone height increases cor-
respondingly, and for a perfectly cmical flame the relation
between cone height and average stream velocity is given

._ .—. —.-. — — ——————. .. .—— —..—— -

~Ic+mm 151.—Comparimn of direct photographs of laminar and
turbulent flamea at same flow rate. fuel-air ratio, and burner
size.
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FIGUBE152.—Effeot of Reynolds number of approaoh flow on oone
heights of laminar and turbulent flames.

by the solid line in figure 152. When the flow becomes
turbulent, however, the flame becomes turbulent and the
mean flame height (fig. 153) no longer increases in the same
manner; greater quantities of fuel-air mixture me consunmd
in a turbulent flame than would be consumed in a larnirmr
flame of the same height. The dashed curve in figure 162
represents the mean flame heights measured (ref. 3) for tur-
bulent flames burning under conditions comparable with
those used to calculate the lamimw curve except for the
nature of the flow. The variation of the mean flame height
with flow velocity and tube diameter for three fuels (propane,
ethene, and acetylene) is shown in figure 154 (from ref. 3).

Shore (ref. 4) has measured the height of butrmed flames
on a l-inch burner. The variation of flame height with veloc-
ity is as follows:

I I
Flamo height, lip, cm

Veloiit y, Uw
cn-lsec

$0=1.00 I 9=1.26

540---------
1500-------- 1:: 1[ :

The flame heights for an equivalence ratio p of 1.26, which is
near p for maximum flame velocity, agree well with the datfi
in figure 154 for propane. For a given velocity, the efloct

of intensity of turbulence @ on flame height is as follows
(ref. 4):

Flame height, bp, am
Velw#~o U., GJU. a

p=l.oo 9=1.20

I I 1 I

~Fmmref. E.
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For a given burner diameter, the il%me height increasw
with velocity; at a given velocity the flame height decrew.es
as intensity of turbulence increases. At higher velocities
CLgreater mass of fuel is consumed. The ratio b~/Ud,then, is
proportional to the flame height per unit mass flow for a,

given burner. A plot of &/U. agaimt @ (fig. 155) shows
that the height per unit maw flow decreases regularly with
increase in the intensity of turbulence. In other words,
moro heat is released in a given length as the intensity of
turbulence is increased.
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Trrmwa 153.—Time exposure of luminous turbulent flame showing
boundarka of flame brush and mean surface about whioh instan-
taneous flame front osofllat~ (ref. 3).
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FIQURE Ii%.-Variation of mean flame height with Reynolds
number for hydroosrbon-air flames. Constant density and
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The mean flame height d@ermined from the point of maxi-
mum light intensity also falls within a few millimeter of the
point of maximum rate of decrease in oxygen concentration
or the point of maximum reaction rate (ref. 6). The mean
height of the flame and the width of the burner port can be
used to estimate a lower limit to the flame volume required
under a particular set of conditions. Any reduction in avail-
able space should lead to inefficient burning.

Brush width,-A time exposure of the turbulent flame
surface appears as a brush of increasing width from base to
tip, as shown in figure 153. The distance between the inner
and outer boundaries of the flame brush at the tip of the
flame has been called the brueh width. In reference 3, the
brush width was measured as a function of flow velocity and
tube diameter for propane and acetylene flames. The data
are plotted against Reynolds number in figure 156. At low
Reynolds riumbem (below 2000) where the flow and flame
become laminar, the distance between the inner and outer
boundaries should approach the thickness of the luminous
zone of a laminar flame, of the order of 0.1 millimeter (ref. 1,
pp. 238, 254). Only flow velocity and tube diameter were
varied in this study, deneity and viscosity-remaining roughly
constant.

Flame radiation,-A flame emits radiation of various
frequencies and intensities, depending on the moleculm spe-
cies present and the temperature to which the molecules are
exposed. Several studies have been made to determine the
radiating specie8 in laminar flames (see ch. IV). Clark and

Intensity of turbulenr%,~

I10

FIGURE 155.—Variation of mtio WUF,.,. tith fnwty of
turbulence.
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Bittker (ref. 7) have compared the light intau.si~ emitted by
laminar and turbulent propw.wair flames under similar con-
ditions of flow rate and fuel-air ratio. I?ort diameimrswere
varied to obtain laminar and turbulent flames. A photocdl
was used to measure the intensity of the light passing through
either a yellow filter (principally ~ radiation) or a blue
filter (principally CH radiation). b shown in figure 157,
the radiation intensity for both the lami.nm and turbulent
flames coincides at equal mixture flow rates. The data

Fuel flew, cclsec

I?mmm 157.—Variation of Iaminar and turbulent flame intensities
with fuel flow. Yellow filter; burner diameter, 0.536 centimeter.

shown were obtained with the yellow filter; similar results
were found with the blue filter.

The ratio of intensities measured with the blue and yellow
filters was found to be a function of equivalence ratio for the
1aminar flames. Examination of this ratio for turbulent
flames showed that the fuel-air ratio obtained from the in-
tensities agreed well with the measured fuel-air ratio except
for the points at an equivalence ratio at 1.20 above a fuel
flow of 10 cubic centimeter per second. These points
showed a leaner fuel-air ratio based on the intensity ratio
than the metered fuel-air ratio. The reads suggest that
the mixture is diluted with secondmy air at the higher flow
rates. A reasonable conclusion can be drawn from the co-
incidence of the intensity measurements for lamimr and
turbulent flames where dilution is not suspected. It is that
both types of flamm have similar concentrations of molecular
species exposed to a similar temperature profile; in other
words, that the laminar and turbulent flames have a similar,
small-scale structure. Unfortunately, other possibilities
exist. It is possible that the structures of the lamimw and
turbulent flames differ but that the net result of the difTerent
concentration and temperature proiiles produces the same
light intensity through a given filter.

FLAMESINTUBE9

Only a limited amount of basic work has been clone on
the velocity and structure of turbulent flames in tubes,
lMany investigators have noted that a laminar flame in a
tube can become oscillatory and iinally become diffuse and
wrinkled like a turbulent burner flame. In an experiment
in which the gas velocity ahead of the flame was measured,
it was found that the turbulent flame appeared when the
gas flow ahead of the fhune had a Reynolds number exceeding
2000 (ref. 8). In the case of flamea propagating towmd
the closed end of a tube, a turbulent circulatory motion is
set up ahead of the flame, oreatiug a turbulent flame. In
all cases, the spatial rate of flame propagation increases
when the turbulent flame appears.

~ SUPPOET13DONRODS(V.PLAM~

A technique that has created considerable interest because
of its similarity to flames supported on flameholders is the
V-flame method,in which the flame is supported on a rod.
Essentkdly, the V-flame measures the ability of the flamo to
spread from the sheltered zone near the stabilizer into the
unburned gas flowing past it. The greater the burning
rate, the wider the flame will grow at a given distance from
the flameholder. TM flame width, then, is a measure of
the burning rate. Both laminar and turbulent flames have
been studied with this technique.

TURBULENTFI+ME VELOCITY

MZASmt13MZNT

Open burner flames ,—The earliest measurements of a
turbulent flrune velocity were those of reference 9, in w-hich
it w-as assumed that the inner boundary of the turbulent
flame represented a zone of maximum burning rate or the
turbulent flame velocity, while the outer boundary repre-
sented the zone of slowest burning rate or the lamimm
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flame velocity. The surface areas corresponding to these
zones were measured, and flame velocities were calculated
by a total-area method using equation (1) of chapter IV.
The flame velocity calculated from the inner surface is a
maximum value and corresponds to the hypothetical condi-
tion that at any instant all the flame eXi@s along this surface.
As is evident from instantaneous schlieren photographs of
turbulent flames, only part of the flame exists at the inner
surface at any instant.

In considering the fluctuating nature of a turbulent flame,
a line, such as the dashed line in figure 153, might be drawn
somewhere between the inner and outer boundaries to
indicate a mean flame surface about which the instantaneous
flame front oscillates. It might be considered the most
probable position of any given increment of flame front.
In reference 3, the line was drawn midway between the
inner and outer boundaries; such a surface does not give
a mean surface area. In reference 10, the locus of maximum
light intensity determined from densitometer measurements
on the time exposure was used. Since the extreme bound-
aries of a turbulent flame are quite diffuse, this method of
determiningg a mean boundary is more precise and more
readily reproduced. More recently, it has been shown
(ref. 4) that the surface of mtium light intensi~ corre-
sponds closely to the surface of maximum’ rate of oxygen
consumption. The flame velocity obtained from densitom-
eter traces is intermediate between the minimum and the
maximum of reference 9; there is no simple relation between
the maximum flame velocity of reference 9 and the turbulent
flame velocity of reference 10, because the dimensions of the
flame brush change as flow-conditions change (fig. 156).

Referencca 3 and 9 report flame velocities computed by a
total-area method based on surface-f-revolution formulas
(ch. IV, eq. (2b)); whereas, in reference 10, an angle method
was used (ch. IV, eq. (3)). It is important to note, how-
ever, that none of these methods of computing turbulent
flame velocity corrcaponds to that for computing the ltiar
flame velocity, which is defined as the flow velocity of
unburned gas perpendicular to the instantaneous flame
surface, The calculated turbulent flame velocity corre-
sponds to the flow veloci~ of unburned gas perpendicular
to a time-averaged position of the flame, and the instan-
taneous flame surface area dots not enter the calculation.
No precise measurements have been made of the velocity
normal to the actual flame surface, although the laminar
flame velocity does enter many of the proposed theoretical
relations discussed in this chapter.

An examination of many turbulent flames has shown that
the mean flame surface is approximately a paraboloid of
revolution about the burner axis (ref. 5). With this wmrnp-
tion, it is possible to calculate the mean flame surface area
S.,. from the mean height b, and port radius r, by the
equation

men &a&, the equation reduces to

(la)

In practice, it was found that a 2-percent error resulted when
bF=2r9 (ref. 5) using equation (la).

In reference 11, an attempt was made to estimate the total
area of the wrinkled flame surface from the height and
didmeter of the wrinkles visible on a spark photograph.
The area was computed by wuming that each wrinkle was
a cone. Examination of the surface showed that the
diameters of the wrinkles dp were related to the scale of
turbulence 4? by

dp=5.O d, (2)

where d, is the eddy diameter obtained from the turbulence
scale (d, at %=0.5). The height of the wrinkles b~ was
related to the intensity of turbulence @ by

(3)

Another proposed method for determining the total surface
area of a turbulent flame uses the radiation intensities dis-
cussed earlier. Figure 157 shows that the radiation in-
tensity through a given flter is a linear function of fuel-
flow rate. At a given fuel-air ratio, the light intensity is a
linear function of the total flow of fuel and air. Since the
surface area of laminar flames can be measured as a function
of flow rate, it is possible to replace the flow rate by flame
area. The light intensity may then be used as a measure
of flame area for turbulent flames once a calibration curve
has been obtained with lamimm flames. The use of this
method, however, depends heavily on the assumption that
the radiation is uniform over the entire flame surface and
that the laminar and turbulent flames have similar structures.

Flames in tubes,-In reference 12, spatial velocities of
turbulent flare= in tubes were measured. The ratio of
turbulent to ltisr spatial veloci@ in a tube is equivalent
to the ratio obtained with a Bunsen burner with the addi-
tional assumption that the mean flame boundary has the
same meaning in both cases.

Spherioal flames.-AnsJogous to the use of the soap-
bubble or constant-volume bomb method for laminar flame
velocities, spherical flames have been used to study turbulent
flame velocity. In reference 13, a single spark was used to
ignite a turbulent mixture flowing through a 4- by 4-inch
duct, thus creating a sphere of flame that expanded into the
flowing unburned-gas mixture. As in the soap-bubble
method, the spatial rate of propagation of the mean spherical
surface multiplied by an expansion ratio resulted in a flame
veloci~. In the soap-bubble and constan~volume bomb
experiments, the required expansion ratios could be measured,
but in the free-stremn method used in reference 13 n theo-
retical expansion ratio was used that was based on the
equilibrium flame temperature. The ratio of turbulent to
laminar spatial velocities, assuming the same expansion ratio
applies for both cases, should then be equivalent to the flame
velocity ratio obtained in tube and Bunsen flames.
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Flames &pported on rods (V-flames) .-The turbulent
V-flame may be used to determine the flame velocity in a
manner rmalogous to the laminar V-flame (ch. ~. Con-
sider the sketch in figure 158 (ref. 14). The total length of
burning surface of one side of the V-flam6 is ~, the approach-
stream velocity is Uo, and the duct half-width is WMX.
Consider the flame segment ~S’, which extends from the
flameholder to the point where the flame half-width is WFIS.
The unburned gss that enixrs segment ~’ originally had a
stream-tube hal%idth Wplz. and velocity U. in the ap-
proach stream. In this two-dimensional systeq WF/2,
WF,Z,O,anclm’ are representative of areas; and, since the

pressure drop due to combustion is small, the densi~ of the
unburned gas may be assumed constant. Hencej the
product WRfzD is constant for conservation of mm. BY
analogy to equation (1) of chapter l_V, the average turbulent
flame velocity for the segment k

~F ~=wFlaDo
m’

The fraction of fuel L burned in segment

\

I
I
I
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I
I
I
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I
I
I
I
I
I
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width with fraction of fuel burned up to point of measurement of
ilame width (ref. 14).

The flame half-width WFiZ was considered a ditlemntial
width dWrls with corresponding increments in pressure and
unburned- and burned-gas velocities in reference 14; this
concept was used in writing the differential equations for
the over-aU mw balance, ovw-all force balance, and force
balances on the burned and unburned gaaes. These equa-
tions were solved by a stepwise method for finite increments
in order to obtain curves of W~J2/Wd@ against b (fig. 159).
I?larne widths W=lj -ivere meaaured from the outer edge of
the luminous flame zone from a time exposure of the turbu-
lent V-flame. The values of L were then read from figure
15!3, and the average turbulent flame velocities were calcu-
lated by equation (6).

Dependence of flame velocity on location of measure-
ment.—As with the ltiar flame (ch. IV), the turbulent
flame veloci~ may vary horn point to point. I?igure 160
shows the ratio of turbulent to laminmflame vdocity L%,T/UF,~
plotted against the fraction of the tube radius T/rf@6. Tho
flame velocity ratio increases from unity at the tube rim
(r/~~u,#=l) to the order of 4 at r/r,u,,=O.7. These changes are
considered further in the discussion of flame-induced turbu-
lence. The effects of chemical and physical variables on U~,T
discnsaed hereinafter apply to average velocities determined
by total-area methods.

EFFECTSOF CEIEMICAIIVARIABLES

Fuel concentration.-Reference 9 reports measurements

of the eflect of fuel concentration on the turbulent flame
velocities of propane-oxygen mixtures. The rcmdts ore
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~IWJED161,—Effeat of fuel concentration on larninar and turbulent
flame velocities of propanwsygen mistures (ref. 9).

shown in figure 161, where the dashed curve represents
measmements based on the outer boundary of the flame
brush and the solid curves are based on the inner boundary.
According to reference 9, these velocities represent laminar
and turbulent flame velocities, respectively. The dashed
curve shows laminar flame velocities measured fmm the
outer boundary of the luminous zone of a laminar flame.
As would be expected, if the outer boundtuy of the turbu-
lmt flame brush does reprwnt a laminar flame velocity, all
the points computed from it, irrwpective of tube size or flow
characteristics, fall on a single curve. The dot-dashed curve,
representing lamirum flame velocity based on the inner
boundary of the luminous zone, might be expected to fall
above the dashed curve because of the finite thickness of the
luminous zone. The turbulent flames show a rapidly in-
creasing velocity from rich mixtura toward stoichiometric.
Unfortunately, leaner flames were unstable and could not be
studied. It should be noted that the higher flame velocities
in figure 161 were measured with higher flow velocities, so
that the inorease in flame velocity vw not due to changes in
fuel-ozidant ratio alone; and, as will be evident in the dis-
cussion of the effect of flow velocity on turbulent flame
v&locity, the increases in flame velocity from rich to stoichio-
metric mixtures were greater than would be expected from
the effect of fuel-oxidant ratio alone.

In reference 3, a more complete study was made of the
effect of fuel concentration of ethene-air flames on a ~~inch
burner using flow velocity (mqnwsed in terms of Reynolds
number) as a parameter. The data me shown in fibwe 162.

Re
I20

Fuel, percent

I?mcmn 162.—Effeot of fuel concentration on turbulent flame veloaity
of ethereair mixturw at various Reynolds numbers. Constant
density and viscosity; )&inoh burner (ref. 3).
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.

The curves indicate a mtium slightly richer than stoicbi-
ometric, the maximum not shifting appreciably with
Reynolds numb8r.

Reference 15 reports a slight shift of the maximum towarcl
richer mixtures at highar turbulence levels for butane flameE.
The turbulence was produced by scxeens for most of the
cases shown in figure 163. The curves in figure 163 have
similar shapes. The data are replotted in figure 164 along
with additional data obtained for methane (ref, 4). The
curve drawn through the data is a parabola with the
equation

1
-%=4’(2-1)

(7)

While there is considerable scatter, the equation serves as a
convenient means of interpolation in the region near the
maximum.

The V-flame data of reference 14 presented in figure 166
also show a maximum at fuel-air ratios near the lmnimw
maximum. The effect of velocity is not quite M clear-cut
as that of reference 3, since the 50-foot-per-second curve
falls above the 100-foot-per-second curve. Tho flames were
turbulent, although in these cases the approach flow was
laminar. The turbulence in the flame was attributed to a
flame-generated turbulence, the effect increasing with in-
creasing velocity. This point is discussed in a subsequent
section in this chapter. The results are relatively inde-
pendent of stabilizer size and shape and are insensitive to
the introduction of turbulen~-producing screens just ahead
of the stabilizer.
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FXQURE166.—Comparison of equivalent cone flame velouity with
laminar flame velooity. Hydrogen-osygen flamea on 0.3-miRi-
meter burner (ref. 17).

Fuel type,—Reference 3 shows that the turbulent flame
velocities for propane-, ethene-, and acetylene-air flames are
empirically correlated by the expression showing a direct
proportionality to laminar flame velocity (table ~.
Thus, turbulent flame velocity, under the conditions studied,
might be espected to vary with hydromrbon structure in the
same way that lamimr flame veloci@- varies. This is also in
agreement with the theoretical treatments of references 10,
14, and 16.

EFFECTSOFPHYSICALVAEIABLm

Pressure,-There is no adequate. information on the
effects of pressure on turbulent flame velocity. However,
the problem is considered in reference 17, in which turbulent
hydrogen-oxygen flames at a pressure of 14.6 atmosphere
were studied. The burner diameter and the height of the
equivalent cone defined by the angle of the turbulent flame
near the burner rim in equation (2a) of chapter IV were used

to Obtain an equivalent crone arm. An equivalent flame
velocity for the turbulent flame was then computed from
this area by equation (1) of chapter IV. Since Ur,~/UF,L
approaches 1 near the rim (fig. 160), these flame velocities
would be near the laminar flame velocities.

A comparison of these computed velocities at a pressure
of 14.6 atmosphwes with laminar flame velocities at 1 atmos-
phere is shown in figure 166. The effect of pressure isdifE-
cult to discuw quantitatively, since the flame9 were small
and the measurements are necessarily less reliable than those
obtained for slower flames.

Temperature.-The eilect of initial air temperature on
turbulent flame velocity of coke+ven-gas-air mixtures was
measured by Heiligcnstaedt (ref. 18), whose curves are
replotted in terms of U’, T/U~,~in figure 167(a). The inner
flame surface was used and assumed to be a right circular
cone. Although three distinct curves for the three tempcr-
aturw appear in the figure, imhmting a small negative
temperature dependence of U~,./U~,~, Reynolds number
correlates the data to within 10 percent over the range 10°
to 400° C. Heiligenstaedt reported the turbulent flame

(a) Coke-oven-gas-air flamw (ref. 18).

FIQWEE167.—Effeot of Reynolds number on ratio of turbulent to
hmrdnarflame velooity.

TABLE XXII.-E~ERIMENTAL RELATIONS BETWEEN TURBULENT FLAME VELOCITY AND REYNOLDS NUMBER

Mixture Re okls num-
r

Relation Reference
er range

Propane-oxygen --------- 2, 000-5, 000 UF,Tc R@-u 9

5,000-40,000 UF,T=~(+ &Re

Town gas-air----.-.----- q 00040,000 UF,Tu U*.LIW.4 16

Propane-air fi------------

}
Ethene-air “------------- 3,00040,000 UF.T= UF,L(O.18%*) 3
Acetylene-air “----------

mFuel-oxidant ratio for maximum turbufent flame velooity.
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velocity to increase approximately as the 1.0 power of the
absolute initial temperature:

V., ,aTt”e (8)

According to Delbourg (ref. 1S), for town-gas-air flames,

(9)

Thus, for both of these examples the ratio of turbulent to
laminar flame velocity is practically independent of initial
temperature.

Veloci@ and turbulence promotion.-sevemd investigators
have studied the eilect of flow veloci~ and turbulence
promotors on turbulent flame veloci@. Tube diametw was
also varied in most of these investigations. Chapter ~
pointed out that the laminar flame velocity is independent
of flow velocity. At a Reynolds number of about 2000, how-
ever, the flow becomes turbulent and flame velocity rises
rapidly. The turbulent flame velocity incresses with in-
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(b) Town-gns+ir flames. Constant density and viscosity (ref.
18). (Symbols indicate points of constant fuel-air ratio unspeci-
fied by referenw.)

7

.J

3’
-.. 6 0

$ /’
,/

.=
i

/
/

/ _
95

E / z ‘Gkulated
t

~ /’

$4 - ,,’” ““

9 / /
~ /

/~f
/

93 -—
/

Experimental

,

.5

z
/ ‘

_Q
02 ——

a

f (c)

‘o 4 8 12 16 20 24xt#
Reynolds nutier, Re

(c) Propane-oxygen flames. Constant density and viscosity (ref. 9).

creasing flow velocity. Since Reynolds number is propor-
tional to flow veloci~, the flame velocity d~ta are oftm
plotted against Reynolds number. A plot of the ratio
U.,./U.+ against Reynolds number is shown ~ fiw~ 167(b)
(ref. 18). The Bunsen-burner technique using the inner
flame boundary waa employed. The linear portion of the
curve is represented by the equation UF,i-/Z?FJ= 0.0881?e0a4.

Damk6hler (ref. 9) used the same technique for propane-
oxygen flames. His results are shown in figure 167(c).
Damk6hler suggmti that UF,T/UF&should be proportional
to RoJ near the transition and proportional to RelJ at the
higher Reynolds numbem. Examination of his (lot~, how-
ever, indicates that the l?e””~correlation would reprewmt all
the data with satisfactory precision. The calculated curve
in figure 167(c) is discussed in a later section. Dmnld5hler’s
data include a variation in tube diameter. The effect of
tube diameter is adequately correlated by the Reynolds
number.

0

/

0 /00 0

0

% J
Cnv Sec

Acetylene 147

Nwninol
burrwrcillrr

‘t?I
A !/4

318
: 9/8
n I 1/8

ml I I I I 1

(d) Propone 4’5

so
1

10 20 30 40 XI03
Rsynolds number, Re

(cl) Efydrooarbon-air flames. Constant den8ity and visoosity (ref. 3),

FrcwmB 167.—Concludd. Effect of Reynolds number on ratio of turbulent to laminar flame velooity.
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The. variation of the ratio of turbulent to laminar flame
velocity for rmetylene-, ethene-, and propane-air flames is
shown in figure 167(d) (ref. 3). These data were obtained
from the mean surface of a turbulent Bunsen flame. Em-
pirical equations for the curves are given in table XXII In
general, the flame veloci~ ratio varies with .liko~i, but
separate lines are found for dif?erent tube diameters. Wohl
(ref. 6) has also studied the effect of flow veloci~ on flame
velocity. He finds a linear relation between flame velocity
md flow velocity. Examination of a log-log plot of Wohl’s
data, howover, shows that a line of approximately 0.25
slope would fit reasonably well.

WhiIe Reynolds number has been used as a correlating
parameter for the effects of flow velocity and tube diameter
on the ratio of turbulent to laminar flame velocity in the
previous discussion, the other parameter involved in the
Reynolds number have not been varied appreciably. Wagner
(ref. 5) has studied the effect of kinematic-viscosity changes
on the ratio of turbulent to lwninar flame velocity by the
use of argon and helium instead of nitrogen as the bert gas
in the oxidant. The proportion of each diluent to oxgyen
was maintained the same as the nitiogen-oxygen ratio in
air. The following results were obtained:

(1) For propane-oxygen-nitrogen:

XT
UF,L

aReO.~5

(2) For propane-oxygen-helium:

ET ~Re0.20
UF,L

(3) For propaneaxygen-argon:

%T ~ReO.U
UF,L

These equations include data obtained with tubes of various

L+ (uo/u,,~)

Fmunn 168,—Variation of ratio of turbulent to laminar flame velocity
with parameter Uv(Uc/UI?,L).Propane-air flames on various rec-
tangular nozzles at various fuel-air ratios and velocities (ref. 19).
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Turbulence intensity, ~, ft/sec

FIQman l’iO.-Variation of ratio of turbulent to laminar tie velooi~
with turbulence intensity for various probability percentage (ref.
13).

diameter. In addition to the fact that Werent slopes
were obtained with the Werent diluents, the lines were also
‘displaced, indicating that the proportionality constants
are also different. It thus appears that the Reynolds
number of the approach flow is not an adequate correlating
pmameter, but rather that the product Uo,udwbdis the
actual correlating parameter for a given set of data.

An insight into the reason for the different behavior of the
various diluents may be obtained by examining the turbu-
lence intensities measured under identical flow conditions
but in the absence of flame. The intensity of turbulence
(ref. 5) was found to be 4.9 percent for the argon+~en
mixture, 4.1 percent for the nitrogenaxygen mixture, and
2.o percent for the helkmmygen mixture. If it is assumed
that the turbulence and not the flow velocity is the important
factor determining U=,~,it is not surprising that the ratio
u.,T/~XJ fOr the helium-containing mixtures ahvays fe~
below the data for argon- and nitrogen+ontaining mixtures.

Damki3hler (ref. 9) has suggested that the ratio U.,T/Ur~
should be related to the ratio of turbulent to laminar dMusiv-
ity. This ratio can be obtained by calculating the Reynolds
number horn the intensity of turbulen~ and scale instead of
the mean flow velocity and tube diameter. A Reynolds
number based on these turbdmce parametem was found in
reference 9 to bring the data for the various diluents together.

Although velocity and Reynolds number are related to the
intensity and scale of turbulence in pipe flow, the turbulence
is not isotropic. Several investigators have used screens of
known characteristics to produce turbulence in the unburned
gas. In reference 19, a rectangular Bunsen burnez was used;

the ratio of turbulent to laminar flame velocity and the
intensity of turbulence in the narrow dimension of the burner
were correlated. The results are shown in figure 168. In
reference 20, a similar technique was used with a symmetrical
burner; the results correlated with the turbulence intensity
along the direction of flow. A tube method was used in
reference 12; the spatial velocity as a function of distanco
from the turbulence-producing screen was measured. SincB
the intensity of turbulence varies with distance from the
screen, the results (fig. 169) show the variation of flame speed
with intansity of turbulence. In reference 13, the expanding
spherical flame was ‘wed, with screens to create turbulence;
a variation was obtained, as shown in figure 170. The author
found a very low laminar flame velocity of only 0.59 foot per
second, which is unexplained as yet. A distribution of flame
velocities was obtained that the author associated with the
random nature of turbulence. The curves illustrate the datm
obtained as a function of the fraction of the measurements
giving a certain flame velocity. It should be noted that in d
these experiments the turbulence level was based on measumd
or calculated intensities in the absence of flame. Except for
the experiments of reference 12, in which the intensity was
considered at each poiut in the tube, the measurements wwo
made at the initiation point of the flame (the lip of the burner
for Bunsen flames or the ignition point for spherical flames),
and hence the flame propagated into regions of varying
turbulence.

The empirical equations for the variations of turbulent
flame velocity with turbulence intensity in the approach
stream are given in table =1. Since Reynolds number

Pcan be related to intensity by the equation .Re= w (ref. 9),
the data of references 3, 9, and 16 (table =) can also be
compared. The comparison of turbulent burning velocities
by different investigators is diilicult, however, because of the
varied techniques used to study the flame and the different
interpretations of the location of the flame surface. I?or m-
ample, in reference 9, in which the innermost boundary of tho
flame brush was used, turbulent burning velocities were con-
siderably higher than those of reference 3, in which a mean
flame surface was used. In deciding which of several rela-
tions to use, it is best at present to choose the one obtained iu
the experiment that most closely resembles the condition for
which the data will be used. I?or approximate estimates of
turbulent burning velocity, the expression of reference 3 is
recommended for its convenience.

TABLE XXIII.-EXPER1MENTAL RELATIONS BETWEEN TURBULENT FLAME VELOCITY AND TURBULENCE INTENSITY

Sd‘T’u’EU.,= UY.[1+(24+0014~ U.)(&J +0 01)]

uF.T=Ur,. [1+ (77+0.0406 U.) (fiuo+’.ol)]

u.v,raUF.L[l-l-26.2(@U~+1.40(cTJw)l~l
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THRORIES OF TURBULENT FLAME VELOCITY

The increased rate of burning of a fuel-air mixture in a
turbulent flame compared with a laminar flame may be due
to any one or a combination of three processes: (1) The
turbulent flow may distort the flame so that the surface area
is markedly increased, while the normal component of the
burning velocity remains the laminar flame veloci~. (2)
Turbulence may increase the rate of transport of heat and
active species, thus increasing the actual burning velocity
normal to the flame surface. (3) Turbulence may rapidly
mi.. the burned and unburned gas in such a way that the
flame becomes essentially a homogeneous renction, the rate
depending on the ratio of burned to unburned gas produced
in the tiring process. The first two processes have received
the major emphasis in the consideration of turbulent Bunsen
burner, tube, and V-flames, while the third process has been
considered for some combustor systems and is discussed in
the section on SPACE HEATING RATES.

TURBULENTFLAME9

Damktihler theory,-Drunk6hler (ref. 9) pioneered in
theoreticnl considerations of turbulent flames. He consid-
ered separately the cases of large-scale (greater than the
flame thiclmess ~, small-intensity turbulence, and small-
scrde (<.~, large-intensity turbulence. He readily ad-
mitted that both situations existed in most flames, the
large-scale turbulence being of greater importance in com-
bustor applications. Dwmldder points out that the eddy
diffusivity e alone may not be sticient to demribe the

effects of turbulence on flames, since e=g~~ and both&and

~ may have ditlerent influences on flame propagation. It
is necessary, therefore, to know the influence of both the
scab and intensity of turbulence.

In the case of large-scale, low-intensity turbulence,
Drtmktkder suggests that the flame will be wrinkled but that
the laminar transport processes will remain virtually un-
affected. This is not unreasonable if large-scale turbulence
is considered to consist of large eddies, within which the
molecular processes of heat transfer and diifusion take place
independently of the movement of the eddy as a whole.
Damk6hler suggests the following picture:

U*

Skdd (m)

.

‘x,mu

Skatti (n)

h the case of a huninar flat flame with constant ~~= UF.L

the situation in (m) is obtained. If velocity fluctuations u.
are introduced, however, the veloci@ at some poiufs will be
U’o+u, and a conical Bunsen-like flame retainhg a normal
flame velocity U“= will be obtained (sketch (n)). Where
Uo–w exists, a local flashback will occur. In the case of
flashback, the flame surface area continues to increase so
that the spatial rate of flame movement increases with time,
and hence the distortion is greater where the velocity fluctua-
tion is negative. In order to reverse the flashback, the flow
velocity must exceed ~.+%. The velocity fluctuations.$ms
produce a wrinkled flame.

Equation (1) of chapter ~ shows that for a constant
VF,L the flame area will be proportional to the flow velocity;
hence, the mean flow through the turbulent fl~e UF,T

-c”K W, or, if L?is constant as is true for tube flow, UF,~a e.
Since eaRe, it follows, according to Damldler, that
~F.~a Re for hbrge-scfde, low-intensity turbulence. Because
of the complex nature of the wrinklhg, Damkdhr concludes
that the exact relation between Reynolds number and uF,~
camot be written, but only the proportionality. As is
evident from figure 167 (c), the turbulent flame velocity
measured by Damkthler - the inner luminous surface
is linear with Reynolds number at the l@her Reynolds
numbers. Since the higher Reynolds numbers were pro-
duced in tubes of large diameter, they do represent large-
scale turbulence in which c!i?l~F varies from 2.7 to 2.1.
Actually, the equation representing the straight portion is
of the form UP,==aRe+~, and Dam.ldder attributed the
term ~ to small-scale turbulence. For a different interpre-
tation of the same data, see the discussion of Delbourg’s
theory.

k order to explain the influence of small-scale turbulence
on flame velocity, Damkthler investigated the change in
diffusion and heat transfer with Reynolds number, since the
small-scale turbulence is assumed to produce no roughening
of the flame surface. In thermal mechanisms of flame
propagation, the flame velocity is related to transport
properties by the following relation from equation (39) of
chapter ~: .—

(lo)
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Since KL/c,P. SV, it follows that UFJti&. In turbulent
flow, e determines the turbulent hea&tmmsfer coefficient,
so that

KT
~=—

%PO
(11)

can be used in turbulent flame equations. The ratio of
turbulent to laminar flame velocities would then be given by

(12)

Damkthler points out that equation (12), unlike the relat-
ions for large-scale turbulence, show-sthe direct dependence
of the flame veloci~ ratio and not merely proportionality.
It should be remembered, however, that this is true only if
the remaining terms in equation (39) of chapter IV are not
influenced by turbulence. Note that the right side of
equation (12) is related to the Reynolds number based on
turbulenm parameters used by Wagner (ref. 5).

Equation (12) would permit the calculation of turbulent
flame velocities for small-scale turbulence. Since the value
of e changes across the burner diameter, howevar, and only
a mean flame velocity was measured by Damhhler, a direct
comparison was not possible. Damldder constructed a
hypothetical inner flame cone using equation (12) and an
equation for the radius and height for lami.nprflames. He
then calculated a mean turbulent flame velocity i%om the
constructed flame shape. The dashed line in figure 167(c)
indicates reasonable agreement between his calculations
and experimental results.

Shelkin theory.-shelkin (ref. 21) expanded Damldder’s
model of turbulent flame propagation but, in general, came
to similar conclusions. He assumed from the e@y thermal
theories that the flame veloci@- cmdd be represented by

(13)

In the turbulent case, molecular and turbulent heat
transfer would be combined so that

(14)

which assumes that ~, is unchanged in small-scale, high-
intensi~ turbulence. Rearranging,

may be written. If it is assumed that KL+KT=CPPO~j

Damk6hler’s equation is obtained.
For large-scale turbulence, Shelkin also a.ssumea that only

the flame area changes. He assumes that the flame breaks
into cones and that the ratio of turbulent to laminar flamo
velocity will be equal to the ratio of the surface area of the
average cone to the area of its base. The height of the cone
is taken to be proportional to the intensity of turbuhmce

n (see fig. 152 for the variation of cone height with veloc-

ity) and is given by JY~/UF,z. The surface WIXLOf the
cone is then

(16)

while the area of the base is A=7r(JY/2)z. Hence, the ratio
becomes, after rearranging,

(17)

(3=2 for a cone, but Shelkin prefers the arbitrary
constant @i) This reduces to Darnldder’s equation when

(3aiuF,&)>>l or when -@> UF,L; hence, ~helkin ccm-
cludes that Damldder’s equation applies for large-sciio,
high-intensity turbulence. For very large intensities, Shelkin
suggests that the flame breaks up into two small islands and
that the rate of burning depends only on the rate of mixing,

so that UFT M @ and is completely independent of UP,Z.
While this’ is evidently not the ease for burner flames (me
fig. 167(d)), it is reasonable that some combustor conditions
may exist where mixing firocesses control the burning rate.

Scurlock (ref. 14) combines both of Shelkin’s equations so that for small-scale turbulence equation (15) ,is approached,
for large-scale turbulence equation (17) is approached, and both are important where the scale of turbulence is of the
order of the flame thickness. Scurlock’s equation is

Delbourg theory,-Delbourg (ref. 16) investigated in
greater detail the regime that Damldder and Shelkin at-

tributed to small-scale turbulence where the flame speed
changes because of changes in the transport properties.
Delbourg, like Shelkin, introduces an over-all thermal ccm-
ductivity K= Kfi+KT composed of laminar and turbtient
components. Delbourg uses essentially a thermal approach
to calculate turbulent flame velocity. He writes an energy
equation analogous to the integrated form of the energy
equation (33a) of chapter IV for laminar flames, and a con-

(18)

tinuity equation analogous to equation (32a) of chapter IV.
In order to simplify integration, Delbourg assumes that

the chemical reaction rate u is directly proportional to
temperature rather than the usual Arrhenius reaction rate
and uses mean values for the thermal conductivity x ond
spectic heat CF. Delbourg’s assumptions lead to the follow-
ing equation for laminar flamw:

(19)
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By rmalo~, he writes for turbulent flames

(20)

where fll represents the non-temperaturedependent terms
in the turbulent reaction rate, and, like K,maybe considered
to be composed of Q turbulent and a laminar component:

~.z,+z. (21)

Some changea in the equations twe necesuwuy to obtain a
solution in terms of measurable quantities. l?rom equation
(11), the turbulent component of thermal conductivity is
proportional t.Qthe eddy -diflueivity:

KTa6

and, for tube flow,

(22)

(23)

Sinc8 KT is therefore a function of radius, it i9.dif6cIdt to
relate the calculations to the measured average flame velocity.
A turbulent flame velocity based on an average across the
tubo maybe defined:,

(24)

By numerical in@gration of the di.fhrential equations re-
lating the surface area of the turbulent flame to measurable
quantities, Delbourg geti

~T=oeolzg” Reo.~
UF,L

(25)

which is in reasonable agreement with his experimental
relation

‘@= O.0&3&’3.4
UF,L

(26)

As shown in figure 171, Delbourg points out that Dam-
kthler’s data are in agreement, since they maybe represented
by an equation

‘p. T–0.07 Re0.4
UF,L

(27)

Delbourg statea that the ratio UF,T/UF,Lis relatively inde-
pendent of the fuel-air mixture.

Karlovitz theory.-Karlovitz and cmvorkem (ref. 10)

studied a model much like DamktMer’s for large-tale
turbulence. They considered the effect produced as an
eddy passes through a laminar flame front. The time of
contact between the eddy and the flame is given by
&&’/UF,L. During thb contact period the flame is dis-
torted, since the element of flame in contact with the eddy

is .clvmnced a distance @ in the time tbecause of the con-

Fmmm 171.—Variation of ratio of turbulent ta Iasniuar fkune ve-
looity with Reynolds number. Data of reference 9; equation of
reference 16.

tact with the eddy. The turbulent movement velocity is
then

V’;,,=$
—

(28)

The value of ~d is determined from the equation

@= {z f!. [t–to(l–t?-’/’o)]}}’ (29)

Substituting these relations in equation (28), there results
the general equation

[ %7&e-au’”’30w;, T)2=2uF.Lm l–-

which, for t/t.<<1(low-intensity turbulence), reduces to

u:,,=@

and, for t/t~>1 (high intensity), reduces

U;, T= (2UF,L&~ti

or

u’. _ L)2G “
u;,; u.,

(30a)

to

(30b)

(30C)

Karlovitz found that equation (3oc) represents the general
equation (30) over most of the range. If it is assumed that

~ a Re, then Karlotitz’s results are in qualitative agree-
ment with Delbourg’s Re variation, but Karlovitz shows a
dependence of the ratio on ltiar flame velocity.

Equations (3o)” give only a part of the turbulent flame
movement, however. Karlovitz suggests that the turbulent
motion described by U;. T proceeds forward and backward
with equal veloci@- but produces no net movement of the
entire flame. There must be added to the turbulent move-
ment the one-directional flame movement that results from
laminar flame propagation, so that the turbulent flame
velocity is

U~,~= @,.r+ UF,L (31)
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FIGURE 172.—Pamwe of eddy through flame (ref. 12).
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The equations for turbulent flame velocity thus become:
General equation:

l’or t/tO<l:

G@
UF,L ‘l+UF,L (33)

For t/f>l:

(34)

Leason theory.-Leason (ref. 12) also considers the effect
produced when an eddy passea through a flame. The
physical picture, which is based on an eddy containing a
sinusoidal veIocitiy profle, is illustrated in figure 172.
Lesson obtains horn the geometric consideration alone tlm
relation

(36)

which would be the same as Shelkin’s relation for a cono
(eq. (17), *2) if the Uo in the brackets were replaced by
Ur,L. LeaSon found tit the area extension alone did not
account for all of the flame velocity increase with turbulence.
Therefore, he added a diffusitity factor similar to Dam-
kbhler’s, except that it takes into account the statistical
property of the turbulent flow. The use of the entire
spectrum of turbulence intensities, of course, greatly com-
plicate the equations, but the good agreement obtained by
Lesson between his modified equation and his experiments
is shown in figure 173. Since Ikason does not give the
complete development of his equations, it is difficult to
evaluate the results.

Scurlook and Grover theory,-scurlock and Grover (ref.
22) developed in detail the processes that can produce
wriokhg of the flame surface in turbulent flow. Only
largeacale turbulence is considered, and it is assumed that
the laminar flame velocity within the wrinkled flame remains
unchanged. In the manner of Shelkin (ref. 21) and Leason
(ref. 12), Scurlock and Grover sssume that the passage of an
eddy through the undisturbed flame front produces tlm
~wrinkhng. The assumed wrinkled flame shape after the
p-e of a certain time is given in sketch (o):

I

I
I
I

(0) l~i!iolly flol fbrne (b) Flame ofter passageof the.-

- (o)
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Note the similarity to figure 172from Lea.son’smodel. It is
rIssumed that the average height of the wrinkles is propor-
tiomd to the root-memaquare dkplacemcint @ of a flame
element from the“mean flame front position and that the
average base width of these wrinkles is proportional to the
Eulerian scale ~B~. Considering the wrinkle either as an
infinitely long prism with the cross section correapondhg to
one of the wrinkles in the sketch, or as a cone with height
rmd base diameter as shown, would give the ratio of wrinkled
mea (turbulent flame) to base area (laminar flame):

where %=4@~%. This has the same form as
equation (see eq. (17)), but the root-meau-scware

(36)

Shelkin’s
disrdace-

mmt and Euler;an” s~e are used insted of “tie turbulence
intensity and laminar flame velocity.

According to the preceding picture of a turbulent flame,
the ratio of the turbulent to laminar flame velocities will

depend on both ~’ and 9BU. Scurlock and Grover describe
three

(1)

(2)

(3)

effects believed to be important in deterrniningF
Eddy diihsion associated with turbulence in the
unburned gases, which tends to increase ~
Propagation of the flame into the unburned gases,
which tends to reduce ~
Flame-generated instability and shear and eddy
diflusion, which are associated with the density de-
crease across a flame and which tend to increase ~

The process of eddy difhsion resulting from turbulence
in the approach flow w be considered alone if UF,~is ~
sumed smrdl, so that U~,L/~ approaches zero, and if
the density change acrosa the flame is ignored. Under these
conditions, the mean displacement at any time t can be
calculated from the equation

(37)

(See ch. II for a more detailed discussion of calculations of
the mean displacement.) In the actual flame, however,
the flame has moved a distance y= VF,Lt,so that the simple
displacement previously calculated does not apply. Con-
sideration must also be given to the change of flame position.
Scurlock and Grover accomplish this by means of a mixed
(time and position) correlation factor 9,,, such ‘that

For very short filon times, ~,gi?.s 1, and equation (38)
reduces to

(39)

For long dWusion times,

F=2~Y=t

where

373

(41)

(42}

It @ much more diflicult to evaluate the equation for inter-
mediate time8. Scurlock and Grover derive the equation

9.[(F=2Jq9At l–—
-#’@

~_e-@@/.$?iJ - (43)1
and suggest that -$% can be calculated from the equation

(44}

It should be noted that the umsideration of eddy dfiort
alone predicts that the area increases rapidly and reaches no
limiting value with increasing time. The rate of area increase

is reduced by decreasing ~~, by ti~tig uF,z, ~d by
incmas.ing J&

The tendency for a flame to flatten and decrease the flame
su,rface waa ‘tieated by Karlovitz and emvorkem (ref. 10).
SCurlOck uses an essentially similar treatment. Consider a
single wrinkle in the flame and the effect of laminar flame
propagation:

Sketch (p)

As illush-atedj the presenm of a tinstant velocity tends to
flatten the flame, thus reducing the area ratio Ar/AL. If the

~, thedistancebetweenthemean depth of the -wrinkle’isX
heads of two wrinkles, one facing toward the unburned gas

and the other toward the burned gas, is 2x-@. The rate
of change of this quantity with time consists of two terms, a
positive term representing the rate of movement of the apex
into the unburned gas and equal to UF~, and a n~tive term
representing a decreaae in the protrusion of the negative
apex into the burned gas and given by—UF,L(l+~~/~~J$.
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The ohange in displacement due to flame propagation may
thus be obtained from

–=-m,,L{[l+z(&)]’-l} (45,
d~

dt

The negative sign indicates the reduction in ~ due to the
flame propagation.

The last effect considered by Scurlock and Grover is the
increased displacement due to flame-generated disturbance
resulting from the decreased density of the burned gas com-
pared with the unburned gas. A sketch is presented in figure
174 showing the shear regions that generate turbulence in a
rod-stabilized flame. In region 1, the unburned-gas velocity
exmeds the velocities in the sheltered eddy region behind the
stabilizer. In region 2, the unburned gases, which have been
accelerated, still have lower velocities than the burned gases.
Finally, the burned gaseaare completely mixed and a uniform
veloci~ results. Scurlock and Grover write momentum
balances between the unburned gases and the gasea exiting
in nonuniform flow from the combustion zone (shear region
2 in fig. 174), and between the unburned gases and the gases
exiting in uniform flow after complete mixing (burned gases
of region 3 in fig. 174). From these two momentum bal-
rmceathey solve for half the differenm in the sqgarea of the
velocitk of unmixed and mixed burned gases; this quantity
represent9 the maximum kinetic energy that would be avail-
able for the turbukmca generation from this source. As-
suming that this energy is equally divided among the three

directions to produce an isotropic turbulence intensity ~=
Y

or

(46)

(47)

The value of ~. so calculated may be combined with

~~ of the approach stream to give the total intensity@
in the flame as follows:

(48)

The combined displacement for the three effects can then be
calculated from the sum of equations (43) and (45) wherein

@is calculated by equation (48).
A comparison of the shape and thiclmess of turbulent

flames resulting from a consideration of the three processes
influencing ~ is shown in figure 175. The curves of
Up,=jup,~ Wtit titid vdocity 8tdcd8ti from a comb-
ination of the three effects agree well in shape with the data
of reference 3, although the theory does not predict the
strong effect of scale (as indicated by the dependence of
U., T/~~,~ on the tube diameter) found in reference 3.
Scurlock and Grover suggest that the discrepancy may be
in the fraction of the kinetic ene~ of the burned gases,
which is converted into turbulence having a scale-dependence.

The theories of turbulent flame velocity consider small-
scale turbulenm as a means of increasing the heat-transfer

<
>

\

It

I

\

m
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ofter com late

Ymixlrxj (reg on 3)
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Sheer region I

Uniform initial
velaclty

Ihm.mz 174.+3hear regione generating turbulence in a rod-stabilized
flame (ref. 14).

and diffusion characteristics of the system, while largwscale
turbulence increases the surface area of the flanm. The
latter condition is probably of the most interest in practical
applications. The theories are not yet sticiently advanced
to be of great value in predicting turbuIent flame velocities.
It appears, at this time, that more reliable estimates may
be made with the empirical relations listed in tables XXII
and XXIII.

FLAME-INDUCEDTURBULENCE

The theoretical studies presented attempt to relate the
turbulent flame velocity to the intensity and scale of the
approach-stream turbulence. While Damldder, Delbourg,
and Leason met with some success in this regard, some of the
observations by Scurlock and Karlovitz require additional
explanations.

If the turbulent flame velocity is strongly dependent on
the approach-stream turbulence, it would be expected that
changes in the intensity of turbulence should be reflected in
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FICISJRE176.-Schcmntio diagrams of stabilized unconfined flames
disturbed by turbulence, assuming 100-percent conversion of
awilable energy to turbulence (ref. 14).

tlm flamf3 velocity. Scurlock (ref. 14) found in his V-flame
experiments that the insertion of screens in the approach
flow had a negligible effect on the measured flame velocity.
He explains this phenomenon by suggesting rt model in
which the approach-stream turbulence merely is added to a
much stronger turbulence produced by the flame itself. As
burning begins at the stabilizer, as shown in figure 174, the
unburned gas around it must either expand or accelerate.
Since the gas flow is enclosed in a tunnel, the unburned gases
nccelorate, producing shear forces between the burned and
unburned gas and creating a highly turbulent flow. If the
shear forces become sticiently great, us may occur at very
high velocities, the flame may not be able to transfer heat
and active particles at a sufficient rate to propagate. This
suggests that too much turbulence can be detrimental to
flame propagation and is consistent with experimental
observations of flnme stability (ch. W).

Karlovitz (ref. 10) subsequently found it necessary to
consider flame-induced turbulence for open flames as wall.
Shco he used an angle method to determine turb@ent flame
velocity, he was able to measure flame velocity as a function
of the distance from the tube edge. Using equation (32) to
calculate turbulence intensities from his measured turbulent

flame velocities, lKarlovitz found that the calculated ~

agreed with the @ measured by a hot-wire anemometer
4ocJ19+G&2z
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FIQUZE176.—Variation of flame-induced tnrbulenoe with fraction of
tube radiua as calculated from experimental flame velocities (ref.
lo).

only at the btier rim, and, as shown in figure 176, the

calculated -@ is considerably greater than the measured
intensity at other points. It was mentioned previously that
the expansion of the burned gas may either accelerate the
unburned gas or cause it to expand. In the closed pipe, a
valocity increase was suggested. With the open flame,
Karlovitz suggests that the expansion of the burned gas
from the flame, which is oriented at random angles, produces
random fluctuations in the unburned gas, thus increasing
the turbulence intensity. The turbulence intensi~ increases
as the burning proceeds from the base to the tip of the flame.
Karlovitz computw the maximum flame-generated turbulence
horn an equation based on the expansion ratio, where

i ==(;)(~=l)u.e.
(49)

The calculated flame-generated turbulence is shown in
figure 176, and it is evident that this could account for the
discrepancy between calculated and mewmred turbulence
intensities
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SPACE HEATING RATES

The principal objective of the turbulent flame is to produce
heat at a high rate in a small volume. The preceding
discussions have treated the characteristi~ of the turbulent
flame and the rate at which unburned gas can be consumed
by the turbulent flame. Space considerations to a large
degree have been ignored. The following paragraphs treat
some of the spatial considerations of turbulent flames. In
addition, the spa~ heating rates achieved in a highly mixed
reactor are discussed as a possible upper limit under condi-
tions where heat transfer and dithxion have been minimized

TURBULENTBUNSSN~~

h a first approximation, the luminous zone in figure 153
may be considered the reaction zone. The volume contained
in this zone thus may be considered as the space required
to consume the fuel-air mixture. Simon and Wagner
(ref. 23) define the space heating rate of a turbulent flame
by the equation

(50)
where

Y V3Lo/~F

vfl,o volume flow rate of unburned mixture

v, flame volume

Mf,a heating value per unit volume of fuel-air mixture

An analysis of the exhaust products of a number of turbulent

flames indicated that combustion was complcke, so thnt an
eiliciency factor wns not required.

To obtain the flame volume, it wna assumed that tho
flame was a iigure of revolution so thd the flame volurm
could be calculated from measurements taken from a direct
photograph of the flame. Because the outer and inner
boundmk of the flame brush are difluse, the calculation
of flame vohme is somewhat uncertain. It was found,
however, that consistent flame volumes could be obtained
with wide variations in exposure time and film developing
time. Some of the results are presented in table XXIV,

Table 2CUV shows that the parameter YZis relatively
independent of linear flow velocity over the limited rcmge
studied. Reference 23 shows that “K is related to laminar
flame velocity and tube diameter according to tho equation

for the flames studied. The space heating rate then, for
these flames, is proportional to the mixture heating value
AZZr,aand to the laminm flame velocity but inversely pro-
portional to the burner diameter. A plot of space heating
rate against l/d~Mb,is shown in figure 177.

SPHERICALREACTOIZ

In most theoretical considerations of turbukmt flamw,
the flame chemistry is assumed to be the same as for laminar
flames. Lamium flame velocity is usually included in tho
equations to represent the chemical rate. It is possible, how-
ever, that the improved mixing due to the turbulence may

TABLE XXIV.-SPACE HEATING RATES OF TURBULENT BUNSEN FLAMES (Ref. 23)

Laminar B##
burning -
velocity, d~.bm’

UF.L, am
cm/seo

35.5 0.639

L 016

“EL 459

L 890

71 L 016 .

L 459

L 890

Linear Volume
flo~ rate, flow rate,

O.m? Vfl,m
cm/seo cc/seo

800 647
1173 951
1605 1301
2030 1644
2410 1957
2780 22S7

I
782 1301
984 1644

1194 1982

239
I

670
661 1894

1301

F

1054
1837 1489
2114 1713

630 1064
890 1489

1152 1927

630 1 1489
610 1713
765 2150

Flame
volume,

VP,
co

L 49
L 92

274
461
& 23
7.62
9. 0!
9.07

7.36
& 58
9.76

465
1429

212
3.36
3.83

3.42
452
5.61

7.20
& 94
8.50

% 1}4 2 S8xlw I 1. 17X 109 I
236
206
209
216

1

222 L 86 Xl@ 7. 65X1OT
217
249

177
.192

}
191 L 81x lCP 6. 60X 107

203

144
133 }

138 L 16X1CP

L

4. 69X 107

498
443

1
462 -----.-- --------

445

308
329
~ }

327 -------- -------.

208

E }
236 -------- ..------
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I Idthe, 1/cm

l?IGURDli’7.+pace heating rates for propane-airflames.

alter the environment in the rextion zone so that the rate of
reaction is no longer properly represented by laminar flame
veloci~. In the extreme, the mixing processes maybe so efh-
cim t that an essentially homogeneous reaction occurs. Long-
well rmd Weiss (ref. 24) have constructed a spherical reactor
in which high-velocity jets of fuel-air mixture are used to
crcnto a highly stirred reaction system. The homogeneity of
tho system during reaction was assessed by removing gas
mmples a~ various locations within the sphere. It was found
for the time-averaged samples take: that the composition
was uniform through more than 90 percent of the reaction
volume.

In general, the conditions of mass flow, pressure, or fuel-air
ratio wore altered until blowout was achieved; thus, the
maximum burning rnte could be determined for each set
of inlet conditions. It was found that the blowout data
wore a function of fuel-air ratio such that

In a perfectly stirred reactor, the blowout condition is
related to the rate of the chemical reaction. & the unburned
fuel-air mixture feed rate is increased, for example, the
rwetion temperature decreases but the concentration of
reactants increases A condition is ultimately reached at
which the decrease of reaction rate due to the lowering of
temperature exeeeds the increase in reaction rate due to the
increased reactant concentration. At this condition the
reaction stops. Longwell and Weiss used two somewhat
diflering equations for their fuel-km and fuel-rich blowout
data. For the lean ease, the pre-exponentkd term was
1.67 X 10’0 (liters)oa (“K)oJ (g-mole) ox, and for the rich case
this constant was 1.11 X 10II in the same units. b activa-
tion energy of 42,000 calories per mole was used for both
conditions. From the data obtained, the limiting space
heat-release rate for a stoichiometric mixture at atmospheric
pressure and 400° K idet temperature was 3X 10S Btu/
(Cu ft) (l@.

COMPARISONOFSPACEHEAT-RELE&lERAT=

It is now of interest to compare the space heating rates for
various systems. Table XXV is taken horn reference 23,
where such a comparison is made. It should be kept in
mind that the choice of the reaction volume is somewhat
arbkrary in some of the systems quoted, -so that variations
in the heat-release values may exist. From the table it
appears that the reaction zone of the lamimw flame exhibits
the highest hea&release rate, with the r~tor of Longwell
and Weiss (ref. 24) approaching a similar value. The
turbulent Bunsen flame has a somewhat lower heat-release
rate, while a. turbulent diffusion flame and most turbojet
combustors have less than 1/100 the heat-release rate of the
laminar flame or spheried reactor.

One may infer from the table that considerable improve-
ment is possible for practical combustors, but it must
be remembered that the highest heatdease rates have been
obtained without regard to some of the practical considera-
tions that are partly responsible for the lower rates found in
eombustors.

TABLE XXV.-HEATING VALUES FOR VARIOUS TYI?ES OF COMBUSTION (Ref. 23)

Spaeo heating

Combustion system Bt:t&@; ft
d

Reference
of ame or re-
actor at atm.

pressure) :/.

Laminar flame, stoiohiometrio propan~fi ------------------ 4X1W (~)

Lwninar flame, 0.9 stoiohiometrio propane-air at 3200° F, };
atm-------------------------------------------------- 6X1(P “ 25

Homogeneous reactor, stirred stoiohiometriapropane-air------ 3X109 24

Turbulent premixed stoiohiometrio propm~ti-_------_----- 6-11 x 107 23

Turbulent diffusion flame, city gin------------------------- L 2X1(Y 26

Combwti~--------------------------------------------- Order of l@ ----

~CaknMalfrom UFJ=36.5 OI@W and~~.~ cm.



37s REPORT 130bNATIONW ADVISORY COMMITI?ED FOR AERONAUTICS

APPLICABILITY OF TURBULENT FLAME STUDIES TO
JET-ENGINE COMBUSTION

One of the characteristics that the turbtient flames con-
sidered in this chapter have in common is the apparent
existemm of a continuous flame surface. While islands of
flame may be broken away horn the main body of flame
under high flow conditions, such flames have not received
much study. The flames existing in practical combustors
may or may not have a continuous-surface. It appears rea-
sonable that a flame burning from a flameholder, at le~t
under conditions of moderate flow velocity, should resemble
the V-flames discussed herein. There is no analogy, how-
ever, between these flames and the highly broken-up flame
in a turbojet combustor. Nevertheless, if these islands of
flame behave as individual burning spheres, each such
sphere may retain the burning characteristics of the turbu-
lent flames discussed in t~ chapter.

Despite the uncertainty in the prediction of turbulent
burning velocity, the flame dimensions included herein may
be used to compute the space requirements for combustion
under a given flow condition. It may be assumed, for ex-
ample, that the envelope of a turbulent Bunsen flame rep-
resents the minimum volume necessary for complete com-
bustion of the mixture flowing into the flame. Correlations
based on this and analogous conmpts are presented in sub-
sequent chapters.
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CHAPTER VI

FLAME STABILIZATION

By GORDONL. DUQGERand MELVINGERSTEm

INTRODUCTION

Tho discussion of flame stabilization presented in this
chapter is limited to studies of open flames burning from the
ends of cylindrical tubes or nozzles and of conf.ned flames
burning from single flameholders in small, ramjet-type
combustion chambers. The description, definition, and
significance of criticrd boundary velocity gradients, penetra-
tion distances, and eddy atabilization are given. Also
included are ex~erimental data and correlations of the effects
of various flow parameters and chemical factors on flame
stnbility. Some instability phenomena connected with the
propagation of nonturbulent flames me discussed. Finally,
theoretical treatments for the prediction of critical boud~
velocity gradients and for stabilization in the recirculation
zone behind blutl bodies (eddy stabilization) are considered.

SYMBOLS

The following symbols are used in this chapter:

A
a
b
(?D
%’
c
Cp
D
9
d
(1;,
ZIo.,
F,,
3-
f
9
K
k
M
m
P
()
R
Re
r
s
T
T,

cross-sectional area
constant
exponent .
drag coefficient
concentration
exTonent
specific heat at constant pressure
diflweioncoefficient
ratio of rod diameter to tube diameter
diameter
characteristic dimension of flameholder
activation energy
friction factor
function
fuel-air ratio
boundary velocity gradient
property of mukifuel mixture
constant
molecular weight
exyonent
pressure
heat-supply rate
universal gas constant
Reynolds number
radiue
percent of stoichiometric oxidant
temperature
ignition temperature

reaction-zone thickness

velocity
volume
mass-flom rate
mole fraction

distance
collision factor
fraction of entering fuel
fraction of stoichiometric fuel concentration
thermal conductivity
absolute viscosity

kinematic viscosity

density
equivalence ratio

volumetric ratio

Subscripts:
a
av
bo
c
m
C.@
d!

;
jb
i
j
L
mx
o
pen
r
TS(l
sh
8t

tube

air
average
blowoff
cell
critical
cylinder
duct
flame
fuel
flashback
‘ifbfuel
j’b fuel
laminar
n&hlr13
initial conditions
penetration
rod
required
sheltered zone
stoichiometrk
tube

STABILITY DIAGRAMS : VELOCITY-CONCENTRATION LIMITS

OPENFLAME9WITH8ECOND~YAIR

The velocity-concentration regions for the various stabil-
ity phenomena typical of open burner flames with secondary
(ambient) air, which have been studied by a number of
investigators (e. g., refs. 1 to 3), are schematically illus-
trated in figure 178. When the approach velocity to a
seated open flame is decreased until the flame velocity ex-
ceeds the approach velocity over some portion of the burner

379
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Fuel mrrcentratian

Lifted
flame

Flame
at pwt

a hfted

FIGURE178.—Characteristio stabiity diagmm for open flames
(ref. 1).

port, the flame flashes back into the burner. This flashback
always occurs in the unshaded area under the flashback
curve in figure 178. If, on the other hand, the approach
velocity is increased until it exceeds the flame velocity at
every point, the flame will either be extiiiguished completely
when the conditions fall in the unshaded region to the left of
the blowoff curve or, for fuel-rich mixtures, it will be lifted
above the burner until a new stable position in the gas

I
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o Spht- flame
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FIQUEE179.—Compariecm of blowoff curves obtaiied with split-name
(Smithelle) burn~re with those obtaiied on ordinary ~gle-tube
burnem. Ethene-air mistures saturated tith water vapor at 20°
c (ref. 5).

stream above the Dort is reached as a rewdt of turbukm t.
mixing with and dilution by secondary air. The lift curvo is
a continuation of the blowoff curve beyond a critical per-
centage of the fuel gas at point A. The blowout curvo
corresponds to the gas velocity required to extinguish n
lifted flame. Once the flame has been lifted above the port,
the approach velocity must be decreased to well below tlm
lift velocity before the flame will drop back tmd bo resmtwl
on the burner rim. Between fuel concentrations A and B,
the blowout of the lifted flame occurs at a lower velocity thnn
the flame blowoff from the port. Such a lifted flame, nt
constant composition, can be produced only by ignition from
above the,port.

FLAMESDEPRIVEDOFSECONDARYNR

Burner flames may be deprived of secondary air either by
surrounding the flame with an annular flow of an inert gas
(ref. 4) or by splitting the flame (Smithells separator-type
burner) so that the outer mantle burns abovo an outer
concentric tube, thus depriving the inner cone of access to
the secondary air (ref. 5). In either case, blowoff curves
pass through a maximum near the stoichiometric concen-
tration (fig. 179) and therefore are similar in shapo to flamo
velocity curves (e. g., fig. 129). The decream in blowofI
velocity with increasing concentration on the rich side is
not obsenwd with open flames having access to mcondary
air, because, as a rich mixture is diluted by secondary air
through molecular and eddy difhsion, the flame velocity is
kept high and the blowoff velocity continues to increase.
l?or the same reason, lifted flames do not occur in tho ab-
sence of secondary air. I?lashback is, of course, unaffected

I Equivalence ratio, T

FIGURH180.-Flame blowoff limits for oylinder skee from 0.036 to
0.494 inoh in diameter. Fuel, hydrocarbon blend (oommoroicbl
paint thinner); misture stagnation temperature, 160° F; stutio
presum, approximately 1 atmosphere (ref. 6).
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Air mass flaw
.

FIGITRE181.—BloTvofffrom spherical flameholdersin l-inah free jet
at atmosphericp-urn (ref. 7).

by secondary air. The blowoff behavior of confined flames
burning from flameholders is similar, as illustrated by figure
180 for a hydrocarbon fuel burning from flameholders of
various diameters (ref. 6). These flameholderswere mounted
across the l-inch dimension of a 1-by 4-by l%nch combus-
tion chamber.

Another type of stability diagram that eliminated the
effect of flameholder diameter for rich blowoff from spherical
flameholdera in a l-inch free jet at atmospheric pressure is
demonstrated in reference 7. Fuel mass flow was plotted

Stream
baun$ry

I

I
c— - -1 / )——.—\ Carnb;;jion

\/B-_—

\

-—_

\
A —— /— *—

(a)

(a) Location of flame with r~eat to burner at various distanaa
above port.

againstairmass flow, as shown in figure

rich curve9 form a common envelope.
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181, in which the

MECHANISMS OF FLAME STABILIZA~ON

CRIYICAIIllOUNDARXVEL.00ITYGRADIENT

Flames stabilized on burner.-The conditions for stability
may be described in terms of laminar flow, regardless of
whether the flow in the tube is lamimw or turbulent, because
in either case there is a lsminar sublayer at the stream bound-
ary (ref. 1). Any point of equality between flow velocity
tmd flame velocity must lie within the laminar sublayer,
because the gas velocity at the boundary between the
sublayer and the turbulent core is greater thm the flame
veloci@. The velocity gradient in this region near the
stream boundary where stabilization must occur may
be assumed constamt if the width of the region is small com-
pared with the tube diameter. Ii-I reference 3 (p. 282),
curves for flashback of natural+yis flames indicate that this
assumption is satisfactory for correlating flashback data
obtained with tube diameters larger than the flame-quenching
diameter. The critical boundary velocity gradients for
flashback and blowoff have been used quite successfully
both to correlate flashbadr or blowoff data obtained with
burners of various sizes and shapes (ref. 3, pp. 282-302,
aud ref. 8) and to correlate turbulent with laminar blowoff
data (e. g., refs. 2 and 9).

The interaction of the flame velocity and the critical
boundary velocity gradient for a Bunsen flame can be under-
stood by reference to @e 182. Figure 182(a) illustrates
how the flame position shifts with increasing gas flow, the
flow increasing from flame position A to C. As the flame
moves away from the burner port, the hinge of the flame
moves closer to the stream boundary. The reason for this
can be seen by considering also curves A, B, and C of figure
182(b), which represent the variation of flame veloci@ with

(b)

(b) FtcJationbetween flame and stream velocity as function of
diet.ancafrom stream boundary.

FIGUEUI182.—Interaction of time velooity and critical boundary velocity gradient. Bunsen flame (ref. 3, p. 2~).



;2 REPORT 130 bNATIONAL ADVISORY COMMI1l’E E FOR AERONAUTICS

.

—
FIGURE183.-Lifted turbulent burner flame (ref. 3J.

dist nnce from the stream boundary for fkune positions
A, B, and C. In all these curves, the flame velocity is con-
stant far from the stream boundary, but at smaller distances
the solid burner rim emrts a quen~a effect on the flame
by extmcting heat and destroying reactive chain carriers,
and the flrmm velocity decreases. At some small distance
from the strewn boundary, the quenching becomes complete
and the flame velocity falls to zero.

The height of the flame fringe above the rim (@. 182(a))
has been called the dead space above the rim. As the flame
moves up from position A to position B or C, the loss of heat
and active particles diminishw, the region of constant flame
velocity extends closer to the stream boundary, and the
fringe of the flame approaches the stream boundary. For
lean mistures, there is a limit to this movement toward the
stream boundary, because there is superimposed on the
quenching effect a flame velocity reduction due to the diffu-
sion of external (secondary) air into the unburned gas.
This diluting effect increases as the fhune moves away from
the burner. Thusj flame velocity curve C may represent
the limit of approach of the flame fringe toward the stream
boundary for a lean mixture. l.1’ora rich mixture, secondary-
air dilution may increase the flame velocity; for a very rich
mixture, a stable-lifted flame may be obtained several tube
diametem above the port (fig. 1S3; note that the base of the
flame is at the point of turbulent breakup of the laminar jet

issuing from the port; the turbulent eddy Wusion is required
to mix sufficient secondary air with the vely rich mixture so
that a nearly stoichiometric mixture results). Convwsely,
curve A “of figuke 182(b) may represent the nearest point
to which a stable flame can approach the burner rim.

For any flame velocity curve between the limiting curves
A and C (fig. 182(b)), there will be a gns flow for which the
straight line represent@ the boundary velocity gradient is
tangent to the flame veloci~ curve (lines 2 to 4). Any line
such as 1, which represents a smaller grndient than Iino 2,
will intersect curve A, and there will be a region where the
flame velocity exceeds the gas velocity. As a result, tho
flame will flnsh baok into the tube. Auy gradient larger
than line 4 will cause the gas velocity to bo everywhere
greater than the flame velocity, and the flame will blow off.
Hence, gradients 2 and 4 are called the critical boundnry
velocity gradients for flashback and blowoff, respectively,

The critical boundary velocity grndients for Bunsm
flames are calculated from equations for the frictional dmg
imposed by a wall. For fully developed laminar flow through
a long cylindrical tube (Reynolds number <2100), tho
critical boundary velocity gradient g may be found by
differentiating the Poisenille equation (ref. 3, p. 279), which
gives

w
9=<, (1)
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Ditamce from

(c)

(a) FIOW lima around rod.
(c) Burning and flow velooity in plane B.

(b)

u flow velocity

~F’”me “c”

I dr I

axis

(d)

(b) Burning and flow velocity in plane A.
(d) Barning and flow velocity in plane C.

FIGURE IfM.-Stabilization of combustion wave by rod (ref. 3, p. 246).

The mom generrd equation, which holds for either laminar
or turbulent flow, is

(q

where ~f, is the friction factor from the empirical 11’arming
equation (ref. 9). For the laminar-flow condition through
long cylinders considered in equation (l), .Fn=16/Re. The
following expressions are given in referenm 8 for the friction
factor in laminar flow through various types of burners:
Short circular port (oriike):

T.mg square chrmnel:

Long rectangular channel:

(3)

(4)

(5)

Long triangular channel:

F,,=#& (6)

In all these cases, the diameter used in computing Re is the
hydraulic diameter @ e., twice the cross-sectional area of
the channel divided by the perimeter).

For turbulent flow in long, smooth, cylindrical tubes,
sevw-al equations have appeared in the literature. The
empirical equation of Blasuis (see ref. 9) is used in references
2 and 8 to 10. For 3000<Re<100,000, thisequation gives

~ _O.080——P R& (7)

Others (e. g., ref. 1) have used the empirical equation of Koo
(see ref. 11), which, for the range 5000<Re<200,000, gives

~ =0.046
“. Rt+2

(8)

For flow in
turbulent flow
able equation

the transition region between laminar and
(2100<Ee<3000 to 5000), there is no avail-
for Fn. Some estimate of Fn is obtained
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Fmmm 1&5.-Relation between flame- and gae-velocity curves at stabfity limits (For flashback, tube diamd.er is considered to be
at least twice quenching distance; pnmm refer to nonadiabatio conditions.) (BY persniesion from ref. 10.)

from arbitrary curves connecting the curves for laminar and
turbulent flow (ref. 11).

Flames supported on wires or rods.—A mechanism
similar to that for burner flames can be applied with some
success to flames supported on wires or rods, but the corre-
lations me not as good as those for burner flames, and other
mechanisms have been proposed. NTevertheles, it is of
interest to examine this theory for supported flames. Lewis
and von Elbe (ref. 3, p. 245) visualize the stabilization as
shown in figure 1S4. In @uze KM(a), the concept of the
flow around a wire located cotially with the flow is shown.
Just above the wire, there is a region of zero flow velocity
followed by a gradient to the stmmm flow. At position A
above the wire, the condition shown in figure 184(b) exists,
in which the flame veloci~ is eve~here lower than the
flow velocity and a stable flame cannot exist. The flame
would thus be forced upward, away from the wire. At a
position more remote fi-om the wire, such as position B,
both the flow velocity and the flame velocity in this region
increase, the flame velocity increasing more rapidly than the
flow velocity, so that ultimately a point of tangency exists
m shown in figure 184(c), which corresponds to the condi-
tion of stability. The increase in flame velocity is limited,
however, since it presumably will approach laminar
flame velocity when the quenching action of the wire is
reduced; but the flow velocity can be increased so that uki-
mately the flow velocity exceeds the flsme velocity at all
points and the flame blows off, as shown by the curves of

figure lS4(’d). As long as the wire does not heat up and is
smaller than twice the dead space in diameter, Lewis and
von Elbe predict that the velocity gradient for blowoff is
independent of wire diameter. However, larger wires pro-
duce a large sheltered region, so that a higher flow velocity
and a higher boundary velocity gradient are reached before
blowoff OCCUI’S.

The critical boundary velocity gradients for flnmes
anchored at the end of an axially mounted wire or rod may
be calculated by Merentiating the equation for flow through
an annular space, which gives (ref. 3, p. 28fl)

[ A, 1–$ 1

Penetration distance,-An arbitrarily dcfinecl quantity
that has been used to illustrate the effects of wall quenching
and secondarY-air dilution (e. g., refs. 1, 3 @ 2S5), 9, 10,
and 12) is the penetration distance ZPU:

(lo)

This ratio of fundamental flame velocity to criticnl boundary
veloci@- gradient represents the distance from the burner
wall at which the local stream velocity is equal to the funda-
mental flame velocity (@. 185). The penetration distance
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is to be distinguished from the small dead space at the wall
(fig. 185(Q)) or the dead space above the rim (fig. 185(b))
whom quenching is complete and the luminous zone assumes
a position parallel to the gas-flow lines. For flashback, this
distance appro.simatea thq depth of penetration of the
quenching effect of a single wall; that is, the distance bm
the wall at which the local flame velocity becomes smaller
than the fundamental flame velocity of the mixture aa a
result of quenching. l’or blowoff, secondary-air dilution
also affects the penetration distance; for a lean mixture,
secondary-air dilution would tend to decrease the flame
velocity and thus decrease the penetration distance, whereas
it would have the opposite effect for very rich mixtures.
(The maximum flame velocity generally occurs with a mix-
ture slightly richer than stoichiometric.) The subject of
penetration distance is discussed furthef in the theoretical
section of this chapter.

STABILIZATIONBYEDDIES

While the mechanism of Lewis and von Elbe is reasonable
for supported flames as well as for burner flames, some of the
characteristics of supported flames are not so well described
as is clesirable. Supported flames do not always blow off
as the theory suggests, but often a small residual flame
rem~ina in the Wake of the support. Letis and von Elbe
have, in fact, shown that this region is not characterized by
a linear velocity gradient but that eddies are formed just
after the support. These are shown schematically in @re
1813, in which the eddies are apparently stabilized by the
flame, sinm for a given flow the eddy is smaller with ignition
than without. Reference 13 suggests that these eddies act
as a source of heat and active radicals and thus provide a
constant ignition source to stabilize the flame. The nature

I
I

/!IIIIIa)
T
I
I
I

I

-!-

Rod

I

I

I

I
Tube un!gnited Tube ignited

FI~IJRE180.—Flowlinesaround axially placed rod with and without
flame (ref. 3, p. 269).

of these eddies and of the flow around them determines when
blowoff occurs, because an equilibrium is set up between the
production of heat in the eddies, its transfer to the surround-
ing flow, and the ignition requirements. This subject is
also discussed later in this chapter.

EFFECC OF VARIABLES ON STABILITY LIMITS
PLOWVARIABLE9iT CONSTANTPRESSUREANDTEbiPERATURE

Characteristic dimension of burner or flameholder.-~
number of investigators have found that flaahback and blow-
off limits of open flames burning from tubes or nozzles at
room conditions are independent of tube diameter when
plotted as fuel concentration (or equivalence ratio) against
the critical boundary velocity gradient. Lewis and von
Elbe (ref. 3, pp. 282–300) plotted flaahback-limit data for
natural-gas-air, hydrogen-air, hydrogen-oxygen, acetylene-
oxygen, methane-oxygen-nitrogen, and propane-oxygen-
nitrogen flames in this manner. They found the critical
boundary velocity gradients for flashback gn to be inde-
pendent of tube diameter as long as the diameter was some-
what larger than the quenching diameter but not so large
that flaahback was preceded by a severe tilting of the flame,
in which case the limit was not clearly distinguished.

The critical boundary velocity gradients for blowoff gb.
of natural-gas-air mixtures in the laminar-flow regtion were
also independent of diameter both for ordinary Bunsen
flames and for some inverted flames stabilized at the ends
of wires mounted in the axes of the tubes. Successful
correlations were obtained with gb. for several other fuel-
oxygen-nitrogen mixtures in laminar flow. Reference 2
premnts a correlation extending horn the laminar-flow range
well into the turbulent-flow- range on a continuous curve for
propane-air flames for a range of tube diameters as shown in
figure 187. This be shows that the curves for the small
tubes deviate toward higher velocity gradients only above
a propane mole fraction of 0.15. Reference 1 also presents
contimons curves from laminar into turbulent flow for
butane-air flames. I?urthermore, the hydrogen-air data of
reference 3 (pp. 292–293) when properly calculated give a
similar smooth curve extending into the turbulent region.

For blowoff limits of simple, single flameholders in small
combustion chambers, various investigators have found
correlations with a parameter

(11)

plotted against fuel concentration, where N* is the character-
istic dimension of the fiameholdti and b is an empirical ex-
ponent (table XXVI). For example, in reference 13, a
correlation was obtained for b= 0.45 with rods varying in
diameter from 0.016 to 0.498 inch (some of which were
downstream of turbulence-producing screens) for city~as–
air flames in a two-dimensional combustion chamber 1 by 3
inches in cross section (fig. 188). Reference 6 reports the
data of figure 180 to be correlated with b=O.5 for equivalence
ratios below 1.5. However, reference 14 found that b=O.18
gave the beat correlation for new data on rod-stabilized city-
gas-air flames, and that, for lean hydrogen-air flames and for
propane and city-gas flamea in certain’ ranges of veloci~
and concentration, b is negative.
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FIGURE187.—Variation of fuel-air ratio with velooity gradient at tube wall for blowoff of seated propane-air flames (ref. 2).

Axially mounted cylinders and cones in high-velocity
streams (200 to 900 ft/see) near the open end of a 6-inch pipe
were used in reference 15, in which a correlation was observed
with diameter for b= 1.0, when a high-boiling mixture of
paraffins and naphthenes was used. DeZubay (refs. 16 and
17) used disks mounted with the diameter normal to the
flow in a cylindrical duct. He obtained a correlation with
b= 1.0 for naphtha, 0.85 for propane, and 0.74 for hydrogen.
DeZubay pointed out that, in the case of reference 13 (and
the same comment w-oidd apply to refs. 6 and 18), the pro-
jected flameholder area was proportional to the character-
istic dimension ~h, because in all oases the flameholder ex-
tended across a duct of iixed width. On the other hand,
for DeZubay’s data (or those of ref. 15), the projected area
is proportional to the diameter squared. Hence, all the

correlations except those recently reported in mferonce 14
are close to U=,,bn/AO.s.These and other empirkal corre-
lations (refs. 6, 7, 13, and 15 to 19) involving the chctrttctor-
istic dimension ~h are summarized in table XXVI.

Zukowski and Marble (ref. 20) suggest that the propm
exponent to be used may depend on the nrttureof the wctko
flow. Under conditions where the main flow is turbulent,
the flow near and in the stabilization region may still bo
laminar, so that molecular transport processes are important.
Under such conditions an exponent of 0.5 seems to fit tlm
data. If the flow about the flameholder is such tlmt turbu-
lent transport properties become important, then an expo-
nent of 1.0 appeam to give a better correlation. Tho proper
exponent, then, depends upon the Reynolds number of
the flow and the nature of the flameholder.

TARLE XXVI-CORRELATING PARAMETERS FOR CONCENTRATION LIMITS OF BLON’OFF FROM 17LAMEHOLDlIRS
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—
Air- fuel ratio –

FI~IJRE 188.-brrelation of rod stabilizer blowoff-limit data.
Fuel, oity gas; stabilfzera 9 inohes from ohamber entrance
(ref. 13).

On the other hand, Barr&e and M.estre (ref. 21) showed a
lack of correlation With characteristic dimension, because,
for a cylinder, a 90° gutter, and a flat plate, each having a
projected Width of 5 millimeters, three differant sets of
velocity-concentration curves were obtained. Gerstein (ref.
21) suggests that for greater generality the correlating
pummeter should account for differences in flo-iv about
obstacles of different shapes. The dimension sought may
bo, for example, the lateral width of the vortex formed
behind the obstacle. In cold flow, a cylinder with a projected
width of 0.75 inch has a tiortex width of 1.o9 inches, whereas
a flat plate of the same projected width produces a vortex
1.30 inches tide under the same flow conditions (ref. 22).
The use of these relative vortex widths would bring the
data of reference 21 for the cylinder and thp flat plate to-
gether. Unfortunately, such agreement based on cold-flow
vortex widths may be fortuitous, because the flame does
influence the flow (ref. 23).

lMore recently Mestre (ref. 24) has shown that the drag
coefficient of the flameholder, measured during combustion,
serves to improve th~ correlation between flameholders of
various shapea. His correlating parameter becomes

U.., bOl~bCDj where CD is the drag coefficient.
Reference 13 reports that the stability limits for a given

size flameholder am unaffected by chamber width for ratios
of chamber width to stabilizer critical dimensions from 10
to 79. In practica it is often desirable to determine the

optimum size of flameholder in a duct of given size. Pre-
sumably, it is the velocity past the flameholder that is the
important factor in blowoff. If the ratio of duct diameter
to flameholder diameter d~,/dfhis large, then the average

velocity of flow in the duct is very close to that past the
flnmeholder. If the flarneholder size is increased, then,
according to equation (11), a higher velocity should be
required for blowoff. Increasing the flameholder diameter,
however, muses the flow near the flameholder to accelerate
and thus limits the increase in average flow in the duct. If
the simple system in sketch (q) is assumed

+

Sketeh (q)

then the optimum ratio of flarneholder diameter to duct
diameter becomes

d~~ ‘1 1

()z ‘m
(12)

where b is the exponent in equation (11). For 6=0.5 a
blocked area of about 30 percent is found to be the optimum,
while for h= 1 a blocked area of about 35 percent is optimum.

In general, then, the velocity-concentration limits for open
burner flames, or for open flames supported at the end of
axially mounted wires, may be correlated by the critical
boundary velocity gradient. For confined flames supported
on flameholders, an empirical correlation of the type

u-J.&= jz-(q) (13)

may be applicable, where c is of the order of 0.5; for greater
generality, a function of some length or area associated with
the flow about the obstncle might be used in place of A“.s.

Turbulence.-It has already been noted that blowoff
dab for open flamea on tubes of various diametem are corre-
lated by a single curve of critical boundaxy velocity gradient
against fuel concentration for both laminar and turbulent
flow. Turbulent flashback is not ordinarily encountered in
laboratory experiments; but, with very high velocity flames
(e. g., H,-O, flames, ref. 25) in large-diameter tubes, or at
increased pressure, it may occur (ref. 12). The gfi for
turbulent flames is always greatw than that for lnminar
flames of the same mixture, because the laminar boundary
layer at the wall within which stabilization must occur
becomes smaller.

Scurlock (ref. 13) produced known turbulence in the
approach stream of confined flames by means of screens. As
the intensity of turbulence was increased, blowoff velocities
decreased (fig. 189). The effect of turbulence of given scnle
and intensity decreased with iucrense in the ratio of flame-
holder diameter to turbulence scale. Contradictory results
are reported in reference 19, which states that placing n
flameholder farther from the source of turbulence (closer to
the combustion-chamber exit), where the intensity and fre-
quencyof turbulence are smaller,decreased the stability limits.
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Boundary-layer thiokness.-lh reference 26, the thiclmess
of the boundmy layer on a flameholder was varied by remov-
ing part of the layer by suction through grooves in the flame-
holder. The data of reference 26 and other data show no
effect on blowoff velocity as long as both the approach flow
and the boundary layer are lamiuar - If the approach stream
is turbulent, a thin boundary layer may be penetrated to
favor blowoff. When the boundary layer itself is turbulent,
blowoff is accelerated in the same manner as it is promoted
by upstream turbulence, but the effect maybe more severe
becnuse of the absence of the laminar buffer layer between
the combustible mixture and the recirculation zone. An
increase in the flame-wedge angle at the farthest upstream
point of flame holding increased the flame-holding ability.
In reference 7, the effect of boundary-layer removal from
the flameholder (approximately 1 percent of the total flow)
was studied; flame heights were drastically reduced and
blowoff velocities were halved. -

Reference 27 reports that, for stream velociti~ of 80 to
180 feet per second, the theoretically complete removal of
the boundary layer markedly decreased the blowoff velocity
of a fuel-lean flame and slightly decreased the blowoff
velocity of a fud-rich flame. It was also observed that
blowing air into the boundary layer decreased the stability
of lean flanm and increased the stability of rich flames. A
stable pilot was obtained by blowing propane into the bound-
ary layer, even when the mainstremn fuel concentration was
zero.

In summary, boundary-layer removal has no effect when
both the approach flow and the boundw-y layer are laminar;
when the laminar boundary layer becomw very thin because
of approach#ream turbulence, or when the boundary layer
itself becomes turbulent, its removal reduces stability.
Lean flames are aflected more than rich flames.

Ktectric fields.-Reference 28 reports that longitudinal
electric fields, either alternating current at 400 cps or direct
current with the positive electrode in the burned gas,
approximately doubled the blowoff velocity of a given
propane-air burner flame as the voltage w-asincreased from
zero to 2000 volts. The rate of increase of the blow-off
limits decreased rapidly after 2000 volts.

Reference 29 coniirma the preceding longitudinal direct-
current field results in a study with butane-air flames. In
the apparatus of reference 29, the downstream electrode was
a platinum ring around the outer tube or skirt of a split-
flame burner, and therefore the blowoff curves obtained were
typical of confined flames. The inner flame cone was sub-
jected to a direct-current field of O to 18,000 volts, which
caused a current through the flame of Oto 10’0microampere.
Further results obtained for a positive field (positive down-
stream electrode) were as follows: (1) Concentration limits
could be widened 200 percent, (2) dead space could be re-
duced 70 percent, and (3) flame pressure could be more than
doubled. When the downstream electrode was made nega-
tive and the direct-current voltage was increased, it was
found that (1) concentration limits narrowed at low voltages,
but the same widening obtained with positive fidds was

obtained at the higher voltages; (2) velocity limits increamd
in an erratic manner; (3) dead space paesed through a max-
imum (at kdghest voltages the flame vibrated rapidly and
then became “derby” shaped); and (4) flame pressuro de-
creased and then increased with increasing voltage.

With a transverse electric field of 15,000 volts, tho con-
centration limits were narrowed by 43 percent with a flow
rate of 61 cubic centimeters per second, regardless of whether
or not the flame was deprived of secondary air by using o
quartz mantle (ref. 30). As staled previously, the inner
cone and the flow lines inside the cone were strongly de-
flected toward the negative electrode. The addition of
alkali salts had little effect on the deflection of the flow lines.

Acoustical disturbances.-Re ference 28 reports that strong
acoustical disturbances decrease the blowoff stability limits
of propane-air flames. In certain cases, an increase in sound
intensity caused a seated burner flame to lift above the port;
but when the sound intensity was agrLindecreased, the flame
blew out. The eddy motion in the emerging gas jet c.mmd
by the sound had stabilized the fhune.
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FIGURE189.—El3ect of approaoh-stream turbulence on rod stubllizer
blowoff limits of Cambridge-city-gas-air flames. Soreens 2 inohcs
upstream of 0.038-inoh rod in 1- by 3-inoh ohambor (ref. 13).
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Fmt.um 190.—Effect of preemsreand burne~nozzle diameter on sta-
bility limits of stoiohiometriu acetylene-air flames at room temper-
ature (rCf. 31).

PRESSUREANDTEMPEFIATIIBEVARIATION

Pressure ,—Stnbility diagrams are presented in reference
31 for ncetylene-mgon-o~gen and acetylene-air flames.
The data are actually presented on what might be considered
velocity-pressure limits for these mixtures in various tubes.
l?or a given mixture, a difFerent velocity-pressure curve
for each burner-nozzle diameter was obtained as shown in
figure I.gO for acetylene-air flames. Each of these curves
consists of a blowoff branch to the upper left and n flash-
back branch to the right. The lower part of each curve,
which has a negative slope and connects the blowoff and
flashback portions, represents the extinction limit where
the flame dies out because of its inability to supply enough
heat or active radicals to a sticient volume of gas to con-
tinue the propagation.

The curves of figure. 190 were obtained by varying pres-
sure along a constant volumetric flow line until either flash-
back, blowoff, or extinction occurred. The narrowing of the
flashback extinction neck in the curves at lower velocities
was pronounced for these acetylene-air flames. In this neck
region, flat flames were obtained, and the computed flame
velocity dropped below the non-pressure-dependent value
obtained when this region was avoided. The minimum of
each curve represents a minimum propagation velocity for
the mixture, which apparently is not greatly ailected by
pressure or tube diameter. The limiting pressure for com-
bustion of a given misture at a given velocity NW inversely
proportional to tube diameter. In other words, the blowoff
extinction curves of figure 190 may be brought together by
plotting critical velocity against the product pd~x~e(see also
ref. 12). This is analogous to the use of the correlating
parameter ‘U/pd,u~,for blowoff from spherical or disk-sh~ped
flameholdars (table XiCVI).

Reference 32 presents the extinction curve for stoichio-
metric propane-air flames burning from Bunsen tubes or
born round-end rods mounted axially in tubes. The extinc-
tion velocity was proportional to p-~. The length of the
extinction curve was increased by means of longitudinal
electric fields, which displace blowoff curves toward higher
velocities as discussed previously. Reference 33 reports that
the critical velocity gradient for flashback gn increased
pressure for methane-air from % to 1 atmosphere, or
g~ a p~.6‘0 0’S. Since the data of reference 33 showed flame
velocity U~ w p‘s for methane, the penetration distance
was approximately inversely proportional to pressure. The
critical velocity gradient for blowoff g~oalso increased with
pressure (ref. 33). While the blowoff data were more
erratic than the flashback data for methane, gbo was ap-
proximately proportional to prewure for both methane and
butane in the range z to 1 atmosphere.
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FmuRE 191.—Effect of initial mbdmre temperature on stable flame region for propane-air flames on 15.O-millimeter burner at atmospheric
pressure (by permkion from ref. 10).
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Equitmlence ratio, p

FIC+UEE192.—Effect of initial mixture tempemturs on critical
Reynolds number for blowoff (by permie-sion from ref. 10).

It has already been stated that the contradictory reports
on the effect of pressure on flame velocity may very prob-
ably be ascribed to apparatus effects. It is equally likely
that the results of studies of stability limits and structure of
open flames at various pressures are subject to unlmown
apparatus effects. Reference 15 reports that, for cylindrical
flameholders mounted axially new the end of a 6-inch pipe,
pressure changes between 1 and 3 a@nospheres had little
effect on blowoff limits fmm large-diameter flameholdere
(2.87 in.). References 7 and 16 report blowoff results for
smaller disks or spher~ to be correlated by a parameter
including pressure in the denominator (table 2CKVI).

Mixture temperature,-The effects of initial mixture
temperature on the flashback and blowoff limits of open
flames of methane and air (ref. 9) and propane and air (ref.
10) have been studied recently. In these studies, the burner
rim temperature -wasnot much different from the mixture
temperature. The critical average stream velocity for
blowoff of propane-air flames (ref. 10) horn a 15.6-millimeter
tube increased with approximately the square of the ab-
solute temperature, whether the stream flow was laminar or
turbulent. The effect of temperature on the flashback
velocity was an even more pronounced increase, so that
there ~as a relative decrease in the flow range for stable
flames, as shown by figure 191. Empirical equations for
maximum flashback velocity and for turbulent blowoff
velocity at the same equivalence ratio, 1.12, which was also

close to the equivalence ratio, for maximum flamo velocity
(ref. 10), took the same form as empirical maximum flame
velocity equations. For the temperature rango 306° to
617° K, these were:

For maximum flashback velocity,

For turbulent

N’either critical

U=,=100+1.15X10-9 Z’:9 (14)

blowoff velocity,

ue,=100+4.5x10-3 T;g (16)

boundary velocitv madient, critical mass
flow, nor critical Stra- flow R~fiolds n&nber entirely
eliminated the effect of temperature on these stability limits.
Of these three parameters, the critical Reynolds number
(using only one tube diameter) most nearly eliminated tho
temperature effect, particularly for blowoff limit, as shown
in figure 192. The penetration distance decreased with
temperature for flashback and increased for blowoff, A
comparison of twice the penetration distance z~,~ with
reported values of the quenching distance between parallel
plates Z(Ishowed the ratio 2zp.Jell to be 0.6 to 0.7. The sug-
gestion was made that this ratio was less than 1 becauso (L
minimum space was required for the occupancy of the flame
itself in traveling through a tube or between parallel plates.
Approximately the same value of 2XP,JZI,was observed in
reference 3 (p. 285) for natural–gas-air flames at room con-
ditions. The prediction of the effect of initial rnkturo
temperate on critical boundary velocity gradients is dis-
cussed in the theoretical section hereinafter.

Other investigations have also reported critical average
velocities to be proportional to T. to a po\ver equal to or
greater than 1. It was found in reference 3A that U=,CXT.
for flashback of coke-oven gas flames when only the air was
preheated. This reference reports the temperature espononts
to be 1.63 and 1.3 for laminar and turbulent flashbuck,
respectively, of city-ga9-air flames. References 3S and 36
give U.,ti To for blowoff of liquid-vapor-oxygen mktures.

The effect of approach-stiemn temperature on blowoff
from cylindrical flameholders in two-dimensional ducts has
been studied in references 6 and 18. The data, which covor
temperatures ranging from 610° to 960° R (339° to 633° IK),
were correlated reasonably well by plotting VJd&~d TOIo*
agaiust equivalence ratio. The temperature exponent was
believed (ref. 6) to be representative of the effect of texnpor-
ature on flame velocity, as shown by the data of ref erence 37.
On the basis of the larger temperature esponents reported
from the majority of flame velocity investigations (tnble
XXW), the correlation is regarded as strictly empirical,
particularly since the penetration distance for open flames
has been show-n to vary with temperature.

In general, then, stability limits for either open or confined
flames are proportional to initial temper~ture to some power
greater than 1, probably =2 for blowoff of open-burmm
flames, >2 for flashback of open flames, and -1.2 for
blowoff of rod-stabilized conti.ned flames. Undoubtedly, tho
exponents vary with concentration and fuel type tmd aro
influenced by such factors as wall temperature nnd WLter
vapor.
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Liquid fuel .—In references 35 and 36, the blowoff, flaah-
bnck, and lift curves of open flame-s were determined for a
variety of liquid fuels burning with air or oxygen at initial
mixture temperatures ranging from 125° to 535° l?. In-
sufficient heat was added to completely vaporize the fuel.
The stability curves were quite similar to those for com-
pletely gaseous systems, except for lo-iv T. and high concen-
trations when a large part of the fuel remained in the liquid
state. I?or a given lean mixtie and given burner geometry,
the blowoff velocity was proportional to To. Both ordinary
burners (diam. approx. 0.1 to 0.2 in.) and skirted (split-flame)
burners (skirt diam. of order of 1 in.) were studied. With
very rich mixtures, lifted flamea were stabilized near the
skirt exit by a vortex flow of secondary air when the skirt
length beyond the burner exit was approximately 3 inches;
with longer skirts, the hot skirt itself stabilized the flame.

Reference 38 reports studies of the stability of rod-
stabilized flames using liquid fuel. It was found that flames
could be supported in much leaner mixtures for sprays than
for gaseous mixtures This was attributed to the fuel-
concentrating action of the stabilizer. Increasing the volatil-
ity of the fuel and decreasing the drop size in the spray
tended to shift the stability curves toward the rich side,
these changes tending to approach more closely the condi-
tions for gaseous mixturw.

Vapor-fuel concentration in the eddy region near the
stabilizer may be higher than that in the free stiwarnwhen
liquid spray injection is used. The vapor concentration
in the eddy depends on the collection efficiency of drops horn
the free stream onto the stabilizer and the heat transfer.
between the flame, the stabilizer, and the liquid. Increased
air velocity moved the lean and rich blowout limits toward
the lean side for sprays, as contrasted to gaseous systems
where the lean blowout limit moves to the rich side as ve-
locity is increased and the rich blowout moves toward leaner
fuel-air ratios. Stable combustion of sprays was possible
at much leaner fuel-air ratios than was possible with gaseous
fuels. It was suggested (ref. 38) that flame extinction occurs
in two ways: As the spray fuel-air ratio becomes rich because
of increasing the fuel flow, more of the liquid fuel reaching
the flameholder sloughs off without burning. The sensible
heat carried by the liquid fuel cools the flameholder and
reduces the vapor concentration to a point where flame can
no longer be stabilized. As the spray fuel-air ratio b-ecomes
Icrm, less fuel impinges on the flameholder and the flame-
holdor temperature rises. Ultimately, the flameholder be-
comes dry and the flameholder temperature rises sharply.
At this point, an insulating film of fuel vapor surrounds the
flameholder and reduces the heat transfer to the surrounding
spray. Again, the rate of vaporization decreasea and the
flame blows out.

Flameholder temperature.-Reference 13 reports stabil-
ity limits to be widened considerably as flameholder tem-
perature is increased. This was confirmed in reference 39,
in which, for lean mixtures, the masa air-fuel ratio at blow-
off was linearly related to flameholder temperature for
velocities of 30 feet per second or greater, but was inde-
pendent of flameholder temperature at velocities below 20
feet per second. On the other hand, little change was ob-

served (ref. 6) in the limits for a flameholder that was allowed
to seek its equilibrium temperature (various mixture tem-
peratures and velocities to 600 ft/see) as compared with a
water-cooled flameholder. I?lashback and blowoff velocities
for burner flames may also be increased by heating the
burner lip, thus decreasing the thermal gradient associated
with the penetration distance.

hcreasing flameholder temperature may have a deleterious
effect on the stabilization of flames supported by fuel sprays
(ref. 38). In fact, the flame may actually be extinguished
by adding su.flicient heat to the flameholder. While the
addition of heat to the. stabilizer may assist vaporization
for small heat additions, ultimately, sufficient heat may be
added to produce either a too-rich region near the stabilizer
or a iilm of vapor fuel which, as for lean blowout, reduce~
heat transfer from the stabilizer to the liquid fuel.

CEZMIC&VARIABLES

Fuel type,-It was observed in reference 1 that curves
of critical boundary velocity gradients gb. against percent
of stoichiometric oxidant concentration -were nearly the
same for propane, butane, and Pittsburgh natural gas
(largely methane). However, gases with higher flame
velocities-Newark city gas, hydrogen, and acetylene-
oxygen=howed much higher values of g~c, and therefore
penetration distancea -were smaller; for example, hydrogen
had a penetration distance of 0.00033 centimeter compared
with 0.076 centimeter for propane, both fuels burning with
130 percent of stoichiometric air. In other -words, the
quenching effect of the wmll_ismuch smaller for the higher-
velocity flamw. Since the gno curves on semilog paper
were nearly linear, reference 1 sugge9ts the empirical equa-
tion

qn-h

(16)

where ~ is percent of stoichiometric oxidant (volume basis)
and a and k are constants that must be determined for each
fuel gas. A similar effect for flames held on disks in n
circular duct was pointed out by DeZubay (ref. 17). He
noted that the exponent 6 in the blowoff parameter ~.~f~
decrwed as molecuh w-eight decreased from naphtha
to propane to hydrogen, but this is also the order of increas-
ing flame velocity.

Additives and fuel blending .—Reference 40 reporta studies
of the stability of nixed fuels with vortex burners having
(1) radial fuel injection from the &s, or (2) radial fuel
injection from the periphery. In each type, the mixing of
fuel and air occurred in the burner with tangential air
admission. Lhlixing was rapid and uniform. The flame was
seated in a divergent nozzle at the open end of the burner
(pressmre-recovery section). These vortex burners are
reported to be useful for studying flame stability of both
slow-- and fast-burning mixtures with a single burner. The
following mixing equation was found to apply for a common
blowoff velocity (to be exact, a hold velocity, which is one
flow increment less than the blowoff velocity) as well as for
a common flame velocity for all studies of binary hydro-
carbon mixtures (e. g., propane-propene tid propane-
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ethane):
Xj

~ y:=l (17)

where

Xj mole fraction of j“ fuel in muhifuel mixtuie with air
that has a given blowoff limit

~~ mole fraction of J= fuel in binary mixture of j with air
that, has the same blowoff limit

It, was concluded that the combustion mechanisms for +e
vmious hydrocarbons must therefore be compatible and that
all hydrocarbons burn according to the same mechanism for
the initial, ratedeterminin g steps.

Propane-hydrogen (refs. 40 and ~1) and methane-hydrogen
(ref. 42) were also investigated. A simple linear mixing
rule such as

K=pE, (18)

cannot be used to determine stabili~ limits of three binary
mixtures of hydrocarbons with hydrogen, but equation (17)
can be used to determine blomoff limits for lean hydrocarbon-
hydrogen mixtures (ref. 410). A signifiumt result of the
studies is that a small addition of hydrogen to a hydro-
carbon, particularly for rich over-all mixtures, widens the
stability range, because the blowoff velocity increases much
faster than the flashback velocity (refs. 41 and 42).

References 42 to 44 also report studk of mixtures of
methane, propane, or hydrogen with carbon monoxide.
For the hydrocarbon-carbon monosid.e mixtures, the critical
-velocities or velocity gradients for flashback or blowoff pass
through n maximum for 10TVhydrocarbon-carbon monoxide
ratios for a given over-all equivalence ratio. It appears that
these ratios for maximum limits are such that the equivalence
ratio with respect to the hydrocarbon is of the same order as
that with respect to carbon monoxide. With hydrogen–
carbon monoxide or hydrocarbon-hydrogen mixtures, such
maximums do not occur. While the simple linear mixing
rule (eq. (18)) does not apply for averaging critical boundmy
velocity gradients of single gases to obtahi critical gradients
of binary mixtures, it does work reasonably well w-hen
binmy mixtures such as CO+Cfi and Hz+~a are
combined to determine the critical boundary velocity gradi-
ent of the ternary mixture CO+H2+@.

Hydrogen suliide decreases the flame stability of hydro-
carbons just as it decreases the flame velocity, the extent of
the decrease becoming grehter as the over-all equivalence
~ntio is increased. However, lean rnistures of H2-H2S
follow equation (17) (ref. 40). Equation (17) was also
tested for isobutane~thene mixtures deprived of secondary
air (ref. 4). It was found to apply for lean mixtures, but
the indicated summation was le= than 1 for rich mixtures.

V?ater vapor.—The addition of 2.5 percent water vapor
to the primary air decreased the blowoff, lift, and dropback
limits of butane flames (ref. 45). The blowoff velocities of
rich fixture decreased approximately 5 percent and the
blowoff velocities for lean mixtures decreased by 10 to 30
percent. The addition of water vapor to the secondary air
had less effect, although some decrease -wasnoted at higher
concentrations and velocities. Similarly, the addition of
water vapor to the primary air decreased the flashback and

blow-off velocities of methane flamw, but the water content
of the secondary air had little effect (ref. 43). I?or carbon
monoxide flames, water in either the primary or the second-
ary air increased the blowoff velocity, but the flashback
velocity gradient was not tiected by water in the secondary
air, as would be expected (ref. 43).

Diluent concentration.-The effect of diluent concmtrn-
tion is presented in terms of the volumetric ratio

+=9J(02+NJ by Letis ~d von lllbe (ref. 3, pp. 299-
302) for methane- and propane-oxygen-nitrogen mixtures.
As # increases from 0.21 (air) to 1.0 for C&Oi-~z mixtures,
both flashback and blowoff velocity gradients increase ap-
proximately a hundredfold for concentrations near stoichio-
metric and a thousandfold for lean flames. The values of g~.
increase somewhat more than those of gfi, so that a slight
widening of the stability range results. It might be noted
that the corresponding increase in maximum flame velocity
is only of the order of 10 (fig. ~39), so that penetration
distance near stoichiometric decreasm by a factor of the
order of 10.

THERMAL TEJi30RIES OF FLAME STABILIZATION

BURNEBFLAMES-CRITICALBOmARY VELOCITYGRADIENTS

Lewis and von Elbe (ref. 3, pp. 379-390 and 42&t29) hnve
obtained approximate theoretical equations by \vhich gfb
and gbo may be calculated if flame velocities and minimum
ignition energies are known. These equations were obtained
by considering the flow line for which the stream velocity
and flame velocity are equal and integrating the energy
equation for a plane combustion wave. To accomplish the
integration for the reaction zone, this zone was subdiviclcid
into an adiabatic and an isothermal zone, and it was assumed
that dT/dz= (TF— TJ/(xF-zJ for the adiabatic zono,
Ignition-energy data were used to determine the infloction-
point temperature T3. Agreement between calculated and
experimental g~ocurves for methane-air at room conditions
was satisfactory with regard to the curve shape, but calcu-
lated values were low by a factor of 2 to 10. Calculated
flashback and quenching limits for propan~rtir did not ovon
show the correct trends in all cass.

More recently, satisfactory relative predictions of critical
boundary velocity gradients at various initial mi..tum
temperatures To were obtained for methmm-air flames by
solving equation (10) for g (ref. 9):

9=%
%n

(19)

It was assumed that
~ ~ TF–T,

F TF—TO (20)

from the N1allard-lkChatelier equation (see ch. IV, oq. (38)),
where TF is the calculated adiabatic flame temperature and
Ts is the ignition temperature for the flame reaction zone,
(In ch. IV, the factim K/cvK. was assumed to bo independent
of temperature.) It was further assumed that, for fkmhback,
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where DOis the difhsion coefficient for secondary air diflusing
into unburned gas at To. Assuming T, to be independent of
To, the value of T3 was calculated for every pair of experi-
mentally determined gradients for a given fuel-air mixture
at two temperatures by

gl_J=uF)lR$%m)l

Z–mF)2s(%Js
(23)

nnd equations (20) and (21) or (22). This procedure gave
cm equation for Tathat was cubic for flashback or quadratic
for blowoff. The values of Y; (larg~t of the real roots) from
various pairs of gradients were averaged, and the average
value wns used to compute gradients for the temperature
range studied.

An approach that avoids the necessity of determining T,
and that takes into account approximately the variations in
thermal properties and reaction rate (which in turn is re-

lated to the reaction-zone thickn- Z8) is sugg~ted in

reference 10. This approach employs the modi6ed form of
the Semcnov equation (bimolecular reaction). for flame ve-

locity (ch. IV):

(24)

For flashback it is assumed that

x ~%fb a (TF—TO) (25)

Tlm latter assumption is in keeping with the Semenov ap-
proach for fl~me velocity, because Semenov assumed that
TSwas always near T, and varied with T. because of the
exponential variation of the reaction rate with temperature.
Equations (24) and (25) can be substituted for VF and
xP,xJ~in equation (23) by using activation energies from low-
tomperature oxidation studies in the literature. This sub-
stitution permits direct solution for the ratio of any two
values of gn. It might be argued that the use of activation
energies from low-temperature oxidation studies is subject
to question, but such activation energies have been used
successfully for flame velocity predictions (ch. IV) and must
suffim until more appropriate values are measured.

Critical boundary velocity gradients for flashback (re-
ferred to the gradient at 306° ~) have been calculated from
the data of reference 10 using 38 kilocalorie per mole for
li’=.l for propane and adiabatic flame temperatures as follows:

Critical boundary velooity
gradient for flashbaok,

In:;i;l t$m~Km- ~fb, SeC-l
)m

1
I I Calculated / Measured I

3of3-.--.--..---- --i%6. - 680
422------------- 1190
506------------- 1720 1710
017------------- 2620 3500

Equation (22) for the penetration distance for blowoff may
be oversimplified even for fuel-lenn flames, because it neglects
the role of vdl-quenching and assumes that secondary-air
diffusion occurs at To only. Actuwy, the secondary air

must either travel through the dead space, where the tem-
perature varies from To to some value near T., or thro~~h
the burned gas (fig. 185 (b)). Since TR, for many fuel-air
mixtures, increases approximately %“ for each ‘K that To
is increased, it follows that any temperature between TO
and TF increases less rapidly than TO,so that it might be
more reasonable to assume that the square root of the
d.ifbion coefficient varies with TOM. Hence, taking tbe
effect of wall quenching into account in the same manner as
flashback,

x~m~aTo~ (TF—TO) (~Q

In spite of these arguments, however, equation (22) gave
somewhat better results for propane-air at an equivalence
ratio of 1.12 (ref. 10), is can be seen flom the following table:

Initial tern rature,
To, %

306-----------------
422-----------------
506-----------------
617-----------------

I
Critioal boundary velooity gradient for

blowoff, gb., SeC-l I

T‘qs-(x;)’o
-------- -------- % 000
~ ’44 6,500 5,300

% 900 7,300
$400 13,000 10,400

I

In summary, either the method of reference 9 or the
method sugg~ted in reference 10 appears to give satisfac-
tory predictions of the effect of temperature on critical
boundary velocity gradients, but the latter method is less
tedious and somewhat more desirable theoretically because
it uses the Semenov approach with regard to iggtion
temperature.

FLAMPSSUPPORTEDONFLAMEEOLDERS-EDDYSTABILIZATION

Reference 13 suggests that, on a thermal basis alone, the
quantity of energy required from the stabilizer would be
increased by (1) increasing the approach~tream velocity
Uo, (2) increasing the difference between the ignition tem-
perature and the approach#mam temperature T3—To,
(3) increasing the thiclmess of the preiggtion zone, or
(4) increasing the heat capacity per unit volume. If, as in
the early thermal theories, the thickness of the preignition
zone is assumed proportional to the thermal ditl%sivity
KIPCP divided by the lamiDar fkune velocity, then the required
heat-supply rate can be written as

(27)

At blowoff, the heat required is infinitesimally greater
than the heat supplied from the sheltered zone, which is
given by

(2s)

where c is a constant and where the bracketed term includes
the factors affecting the heat-transfer cocdicient from heated
cylindem. In the lnvo-dimensions.l duct, the area for heat
transfer is proportional to the rod diameter d,. Equating
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Q,er and Q,,, a relation of the form

*+-(P) ‘(29)

is obtained, *here the new exponent 6 on the rod diameter
replaces c/(1-c). This type of correlation is demonstrated
in table ~.

In reference 46, a quantitative relation was obtained by
considering the recirculation zone behind a flameholder to ~
be a steady#ate reactor of volume V. If a homogeneous
unburned-gas mixture of fuel-air mass ratio j enters this
volume at a rate such that the air mass-flow rate is w= (in
g/see), and a fraction L. of the entering fuel is burned within
the volume, then the fuel burned is wajl~.. This quantity
must be equal to the fuel consumed by chemical reaction.
Reference 46 states that a second-order reaction is required
to account for the observed effect of pressure (stabili@
correlates with p-l, table XXW). The actual rate-limiting
reactions are unknown, but their concentrations can be as-
sumed proportional to the mas air and fuel concentrations
%’. and %,, respectively. The collision factor Z combines
the collision number, the steric factor, and the concentration
proportionality constants. Thus, the material balance
can be written

(30)

hTow %’=and %’f can be related to the initial fuel concentra-
tion and the initkd temperature through f and L*; with the
appropriate substitutions, equation (3o) can be written as

–Ea,
()z ‘Zp RZ’ (1—~fn) (1 —umLst) (31)

+;= T; Cin$

adiabatic flame temperature corresponding to ihc-
tion burned
fraction of stoichiometric fuel concentration if &-
ture is lean, unity if mixture is rich
(Bj/i14+R/29)2
molecular -weight of fuel

If w=/T7pafkom equation (31) is plotted against [,,, curves
such as those sketched in figure 193 are obtained for various
concentrations using a given activation energy. (The
equation is actually triple-valued in part, but only the values
indicated by the solid curves are of practical interest.)
A blowout curve of wdTTp2against concentration can be
obtained by cross-plotting the maximums of such curves
aga~at ~ncen~ation; the m~mums co~d be obtfied
directly by setting the derivative of equation (31) eqmd
to zero, solving for ~,. by trial and error, and substituting
values of lti and Tp into equation (31) to obtain values of
wa/T’px.

The air mass flow W=into the recirculation zone is propor-
tional to the velocity U, to the stream demity, which in turn
is proportional to the static pressure p, and to some function

of the diameter d. The zone volume V depends almost
entirely on some function of” d. Hence,

(32)

Dhich has the same form as the correlating factor used by
weZubay and others if b= 0.85 or some such value (table
XXVI). From DeZubay’s data, Z was estimated to be
4X 10Ucubic centimeters per gram mole (ref. 16) for E.,j of
40 kilocalories per gram mole. These valuea are reasonable
and are comparable with those obtained from classical
kineti~. For a stoichiometric mixture, them values give a
mtium value of wa/V@ of 40 g/(see) (cc) (ntmz), which

k
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FIQUrUI193.—Vanation of WJVP with w“.

corresponds to ~i.=0.72 and a heat-release rate of 190 calorim
per cubic centimeter per second, or 77 million Btu pm
cubic foot per hour. These data are used in reference 15 to
calculate a flame-front thickness of 0.022 centimeter. It is
stated that, -since a reported value of the flame-front thick-
ness of a propane flame is 0.05 centimeter, or mom than
twice as great as the calculated value of reference 15, tlm
flame fronts in the recirculation zone must overlap. Thus,
a state of homogeneity would be approached, or, in other
words, the calculated results are not inconsistent tifh the
original assumption of homogeneity. The general conclu-
sion is that under certain conditions combustion appeara to
proceed homogeneously as a secondarder chemical reaction.
The gross features of flame stabilization behind flame-
holders in high-velocity airstremns are esplained by this
hypothesis.
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More recent data (ref. 47) lead to the suggestion that the
nature of the recirculation zone with regard to temperature
and composition may not change appreciably as blowout is
approached. The blowout condition could occur because of
insufficient heat and free-radical transport from the recircu-
lation zone to the main stream when a critical veloci@
gradient is reached in the region of the flameholder.
Measurements of recirculation-zone size, temperature, and
composition tend to support this view. This difbrent
concept of flameholder stabilization is of considerable in-
terest, and further study is required before a choice can be
made between the two mechanisms.

In all the mechanisms of flame holding by rods discussed
herein it has been assumed that the recirculation zone
behind the flameholder is an important part of the flame-
hokling process. Schaffer and Cambel (ref. 48) have
generated the reverse flow necessary for stabilization by an
opposing jet, thus eliminating the need of a physical flame-
holder. @nerally, a flame could be anchored initially
more easily with the air jet than with a physical flame-
holder. The dilution effect of the air, however, usually
meant that richer mixtures were required. A comparison of
tho blowout curves with a physical flameholder, an air jet,

2“rTTTrTT

4:6=
.8 10 1:2 I .4

Equmolence rotio, T

Ii 1.8 : )

FIQURD194.—Blowout ourves for physical holder, opposing air jet,
and no holder.

and no flameholder are shown in figure 194 (ref. 48). The
air jet and physical flameholder give similar lean blowout
limits, but the air jet gives a much richer limit. Of course,
the air added by the jet is responsible for the broadening of
the limit, since only the approach-flow fuel-air ratio is ccm-
sidered in the abscissa. The air jet also gives a higher peak
blowout velocity, the actual maximum not being attainable
ill the tests. The authors suggest that the recirculation

occurs in the jebstabilized flame because of entrainment of
the burned gases along the boundary of the free jet.

The performance curves indicate that, for the flame-
holders tested, the recirculation is greater for the air jet than
for the physical flamaholder. The presence of the recircula-
tion zone in both cases was conlirmed by schlieren photo-
graphs. It has thus been demonstrated that stabilization
can be achieved without a physical flameholder if an ade-
quate recirculation carI be achieved by an alternative
method. Failure of th8 authors (ref. 48) to obtain flame
holding with an opposing nitrogen jet indicates that the
recirculation zone must be an active source of heat and
chemically active species. In agreement with this, an
oxygen jet was found to give superior stabilization to an air
jet. This suggests that augmentation of the recirculation
can improve flame stabilization. Addition of oxygen behind
a bluff body and the use of pilot flames are practical methods
of improving flame stabilization.

NONISOTROPIC FLAMES

Stationary open flames were long considered evidence that
the laminar combustion wave is dynamically stable. Anal-
yses of flame propagation (ch. ~) customarily start with the
assumption of a steady-state, one-dimensional flame front.
Many investigators have occasionally observed nonisotropic
flames, usually in th8 form of polyhedral open flames, in
which the ordinarily smooth cone breaks up into several
(usually three to eight) petal-like sides, convex toward the
unburned gaa and separated by dark ridges. These polyhe-
drons could be made to remain stationary or to rotate at
variable speeds, depending on composition and flow rate.
However, the appearance of such flamw was generally con-
sidered an abnormal phenomenon. The reasons and condi-
tions for such instabilities received little attention before the
recent studies of cellular or fdamented flames in tubes (refs.
49 to 51) and studies of polyhedral open flames (refs. 34 and
49 to 54). ~onisotropic propagation has also been observed
with spherical flames (ref. 55).

Cm FOEM-ATIONANDSUZFACEBREAKUPOFOPKNFIAMZS

Reference 52 reports that very lean hydrogan-air or.
H,-OTCOZ flames burning on a 1.36-centimeter nozzle
separated into severall filaments that rose from the burner rim
and failed to combine into a closed cone tip. The number of
filaments increased (or conversely, the size of the filaments

I decreased) with O,/CO, mtio, with fraction of stoichiometric—,
volume-percent fuel (between 0.05 and 0.28, depending on
th8 absence or presence of COJ, and with flow rate (fig. 195).
The use of a 3.08-centimeter glass filter (sintered glass) as a
burner enabled smaller, more clearly defined, paraboloid-
shaped fdaments to be obtained, which were evenly distrib-
uted ov6r the filter surface. No effect of iilter porosity vm.s
observed. Nonisohopic structure m-s also observed in lean
methane-plus-hydrogen flam~ and in rich flames of various
hydrocarbons. The manner of soot formation in rich, polyhe-
dral flames of hydrocarbon-air mixtures was particularly
noted: With benzene, carbon hued from the flame exclu-
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(shaded areaa) of propane-air mistura at reduced pressure. SpliiXlame burner (ref. 54).

sively M a narrow stream at the tip; whereas, with acetylene,
it appeared in a luminous region that surrounded the cone
uniformly, mcept for a dark region at the tip and a cup-
shnped region of increased luminosity rising from the rim.
Rich, polyhedral flames of other hydrocarbons (e. g., butane,
hcptane) exhibited intermediate behavior; oxygen-enrichment
shifted the behavior of some of these toward the benzene
typo.

In reference 54, regions of polyhedral flamea were mapped
on flow-rate-pressure diagrams for various rich prcpan- and
butane-air mixtures and lean hydrogen-air mixtures. A
typical diagmm for a propane-air mixture is shown in figure
19(3. At constant pressure and composition within the
region for polyhedral flames, the number of polyhedron sides
increased with increasing flow rate. Upon the addition of
1 to 7 percent hydrogen, which by itself only exhibits inata-
bilitiea in lean mixtures, to rich propane-air mixtures, the
over-all equivalence ratios at which polyhedral flames
occur were reduced, other conditions beiog fixed. Adding
hydrogen to rich carbon monoxid=ir mixtures, which would
otherwiee exhibit no polyhedral fhmea at any composition,
also produced polyhedral flames.

The most generally accepted explanation of nonisotropic
structure in rich open flames of hydrocarbons and of soot
formation at the tip is the preferential -Ion of the
oxygen molecules, which are lighter than the fuel molecules,
to the valleys, where the propagation is faster. In lean
hydrogen or hydrogen-methane flamea, the fuel becomes the
lighter component and diffuses preferentially. In either
case, it is the difhsion of combustion products into the
unburned gas that sets up the concentration gradients lead-
ing to this preferential diffusion. Some investigators also

o

believe in the necessity of the presence of hydrogen (refs. 52
and 54), and Behrens (ref. 52) points to the role of thermal
diffusion in producing the observed soot iikunents. hlarli-
stein (ref. 49) uses a difbrent attack-an aerodynamic treat-
ment into which he incorporates the assumption that all
transport phenomena can be described to a first approxim-
ation by a linear relation between flame velocity and
reciprocal ra.ch of curvature of the flame front. This
aerodynamic treatment includes the effect of gravity. It
appears that the question of diilusion kinetics against aero-
dynamic instability ti yet unresolved.

CELLULARFLO= m TtiES

hTonisotropic stmcture of flame propagating through tubes
is particularly evident in flammability-limit studies (ref. 45
and ch. Ill). hlarkstein (refs. 49 to 51) has made more
definitive studies insofax as cell diameter d., molecular vreight
of fuel .&ff, and pressure effects are concerned by studying
near~toichiometric flamea traveling dovrmvard through
laxger tubes (lO-cm diam.) at low velocities. The low
spatial velocities mire obtained by reducing the flame
velocity through the addition of gitrogen and letting the
flame travel against a small unburned-gas flow. l’or hydro-
carbons in the molecuhr-weight range 42 to 114r d. K ~f-~~.

For n-butane-air-nitrQgen mistures at Pr-nrw from % to
1 atmosphere, do a itif-9i. Both of these effects were
determined for equivalence ratios between 1.2 and 1.4.

Contrary to the resuh of reference 54, Markstein found
that the addition of hydrogen to rich mixtures of higher
hydrocarbons suppressed cell structure, whereas addition to
lean mixtures gave nonisotropic structure with small cell
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sizes. He also observed that a 90-percent carbon monoxide-
10-percent butane fuel, burning rich, gave the sarpe structure
as butane. The relation between flame structure and vibra-
tory movement with rich methane~butane-air-nitrogen
mixtures is presented in reference 51, where, for a given
equivalence ratio, average cell size Was found to increase
with methane concentration until a noncelhdm structure
was reached. Oscillatory combustion is discussed in chapter
m.

SIGNIFICANCE OF FLAME STABILIZATION IN JET-ENGINE
COMBUSTION

High-output combustora require the stabilization of flame
at velocities of several hundred feet per second. In the past
decade, ramjet-engine performance has been boosted dra-
matically at ever-increasing inlet-air velocities, but many of
the gains were accomplished by cut-and-@ methods. In
order to understand the interaction of flame and flow by
which flame stabilization is accomplished, it is helpful not
ORIY to study smalkale ramjetAype combustion chambers,
but also to analyze open or coniined flames on Bunsen-type
burnem. These burner experiments, which allow more rigid
control nnd separation of operating rariables, add to the
basic understanding of such factors as walI quenching and
secondary-air dilution. The experimental results reviewed
in this chapter, together with some of the major theoretical
concepts emphasized in recent years, are summarized in the
following paragraphs.

For open flames burning above channels of simple geo-
metric shape, including cylindrical tubes contai~m dally
mounted rods, blowoff or flashback limits for various lengths
of the characteristic dimension of a given type of channel
are correlated by means of the critical boundary velocity
gradient, that is, the linear velocity gradient near the flame-
holding solid surface or the stream boundary. For cofied
flames supported on flameholders, the stabilization process
depends on a recirculation zone behind the flameholder; and,
since the size of the recirculation zone is related to a charac-
teristic dimension of the flameholder, the concentration-
velocity limits. are also related to flameholder dhnensions.
J?rom experimental results in the literature (and from theo-
retical considerations mentioned hereinafter), it appears that
a quantity such as Ua.,bo/A”against a concentration param-
eter may correlate blowoff-limit data, where A is the pro-
jected area of the flameholder and c is an exponent of the
order of X. Ii’or greater generality, a more direct function
of the recirculation-zone siz~ should be used instead of A,
because obstacles of diilerent shapes are knoti to produce
vortices of different sizes.

The use of the vortex size rather than the obstacle size
may also correc~ for effects that occur when the size of the
obstacles is no longer small compared with the duct size.
As the size of the obstacle is increased, a point is reached at
vvhich the vortex size begins to decrease; as the obstacle
size approaches the duct size, the vortex may be considerably
smaller than the obstacle, and reduced stability may result.
Thus, the previous expression applies only for small stabilizers
in large ducts as long as A refers to obstacle dimensions.

The use of obstacles that block an appreciable fraction of
the duct cross section (greater than 60 percent) may also bo
undeshable from other considerations. The pressuro drop
would, of course, be high, and the unburned-gas velocities
past the flameholder would be high. The latter dlect would
make flame-spreading from the sheltered zone difficult, and
only a small fraction of the mixture near the flameholiler
would burn. In a practical design, the use of small flamo-
holders located at various places within the duct might
alleviate both the reduction in eddy size and the flnmo-
propagation problem. Empirical correlations baaed on
characta-istic dimensions of flameholdem are summarized in
table ~.

For open flames, blowoff limits under conditions whore
there is turbulence in the approach stream are correlated
with nonturbulent limits by the critical boundary velocity
gradient, because in all cases the point of stabilization
occurs within the laminar boundary layer. Contradictory
results are reported on the effect of approach#rmm turbu-
lence on blowoff of confined flames from flameholdera.
When turbulence intensity was increased by moms of
various screens, a stability decrease resulted, but anotlmr
investigation reported that the stability limits decreased
when turbulence intensity was decreased by moving the
flameholder downstream. Partial removnl of o lmninrw
boundiuy layer has little effect on blowoff from flameholdwa,
unless the approach flow is so turbulent that the Iaminar
sublayer is very thin. Lean flames are affected by boundmy-
layer removal more than rich flames. Blowing a gmeous
fuel into the boundmy layer through slots in a flamoholcler
may provide good pilot flames.

A 2000-volt axial electric field, either alternating current
at 400 cps or direct current with the positive electrode
in the burned gas, can double the blowoff velocity and triplo
the stable concentration range for burner flames, On tlm
other hand, a transverse direct-current field of 16,000 volts
decreased concentration limits of butane flames by 43
percent. Strong acoustical disturbances decrease stability
(see also ch. TCtH).

For burner flames, the effect of pressure is related to
tube diameter d,tit,,; that is, uu,~.lpd,ub, is a function of
concentration. An analogous situation is encountered with
coniined, supported flamw; for example, for disk-shaped
flameholders of diameter d, U@./POSdOs was related to
fuel-air ratio for propane flames. This type of correlation
is substantiated by theoretical considerations. Scurlock
arrived at the generality u~,,b./db= =(%’) by consiclor-
ing the heat transfemed between the eddy region behind
the flameholder and the main stream. In roferenco 16,
w&@x U=,.bJdbp==(C4 was obtained, where W. is
the air mass flow entering the recirculation zone behind
the flameholder, and V is the volume of that zono, which
is considered to be a homogeneous, second-rder reaction
zone. The ~(~ results from considering the second~rder
reaction and a certain fraction of the fuel within the zone
being burned to produce a certain adiabatic reaction tem-
perature. (The initial mixture temperature could also bo
included through its effect on this reaction-zone tempera-
ture.)
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The blowoff velocity of open flames increases with approxi-
mn tely the square of the absolute initial mixture tempera-
ture; the exact esponent vmies with concentration and fuel
type and may be influenced by such factors as wall tempera-
ture and w~ter vapor. The flashback velocity is even
more temperature-dependent, so that a decrease in relative
stability range occurs M temperature is increased. The
relative effect of temperature on critical boundary velocity
gradients muy be predicted by considering the effects of
tcmperature on flame velocity and penetration distance
(wall quenching trod/or secondary-air dilution effect) on
u thermal basis. Empirical correlations indicate that blow-
off from flamehoklers may depend on a 10NW power of the
initial mixture temperature; the parameter Uu,b./d?~l’.l g
correlated data for a. hydrocarbon blend. At this point,
it might be noted that the effects of flameholder area,
pressure, and temperature might be combined in a correlat-
ing pmnmeter such as U~,b./Acp Tom,where c and m may
be of the order of 0.5 and 1.2, respectively.

Liquid-vapor-air mixtures obtained by partial vaporization
of liquid fuels generally gave Bunsen-burner stability curves
similar to those for gaseous systems. Blowoff limits can
be increased appreciably by heating the flameholder; blow-
off and flashback velocities of burner flames are also increased
by heating the burner rim. Therefore, a heated flameholder,
which might, in turn, be used to preheat fuel, would be
udvrmtageous in a high-speed engine.

The effect of fuel type on flame velocity was discussed
in chapter IV; as might be expected, the blowoff and flash-
back velocity gradients are greater for fuels -with high flame
velocities. Disk-stabilized, confined flames became less de-
pendent on the disk diameter for fuels of higher flame
velocity, Blowoff velocities of inked fuels generally follow
tho relation of equation (17) herein.

Added water vapor decreases stability velocities; 2.5 percent
water in the primary air reduced the blowoff velocities of
butane flames by approximately 5 percent for lean mixtures
and up to 30 percent for rich mixtures. Decreasing the
diluent concentration in a combustible mixture greatly in-
creases blowoff and flashback velocities; for axample, the
critical boundary velocity gradients for methane+xygen
mixtures are tvro to three orders of magnitude greater than
those for methane-air mixtures. This indicates that oxygen-
enrichment of the hllet air is another method of obtaining
very stable flames or pilot flames.

Also reviewed in this chapter were certain instability
phenomena observed in bench-scale equipment and, for the
most part, with laminar flames. The breakup of open
larninnr flames into cells or polyhedral shapes is believed by
some investigators to be a diilnsion-kineties process, while
others treat it primarily as an aerodynamic instability.

In final summary, most of the experimental results for the
stability of burner flames can be explained on the basis of
the interaction between flame velocity and flow velocity in
terms of the critical boundary velocity gradient. For con-
tlned flames, stabilization occurs through the recirculation
zono behind a flameholder that is blti or nonstreamlined
on its downstream end. All the gross features of this latter

type of stabilization appear to be explained b~ an assumption
that the recirculation zone behaves as a volume of homo-
geneous, second-order reaction.
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CHAPTER VU

DIFFUSION FLAMES

By RICHAZDS. BBomw and MDLVI~ GmLSTEm

INTRODUCTION

The previous chapters consider combustion occurring in
systems in w%ich the fuel and air are homogeneously dis-
tributed. Chapter IJ. discusses the preparation of such
mLxture9. If the mixing oeeurs rapidly compared with the
combustion reactions, or well ahead of the flame zone, burn-
ing may be considered solely in terms of homogeneous
processes. There are systems, however, in which mixing
is S1OWcompared with the reaction rates, so that the nixing
time controls the burning rate. This is true for so-called
diffusion flames, in which the fuel and oxidant come together
in a reaction zone through molecular and turbulent dithsion.
The fuel may be in the form of a gaseous jet or a liquid
surface. The distinctive characteristic of a diffusion flame
is that the burning rate is determined by the rate at which
the fuel and oxidant are brought together in proper propor-
tions for reaction. Between the extremes in which the che,m-
ical reaction i&e on the one hand and the mixing rate on
the other control the burning rata, there is the region in
which the chemistry and mixing have similar rates and must
bo considered together. This middle region has received
very little attention in fundamental studies bemuse of its
complexity, but is considered in some of the practical s-ystems
discussed in subsequent chapters.

SYMBOLS

The following symbols are used in this chapter:

constant
constant
transfer number
flame height
height of plate
concentration
specific heat at constant pressure
diffusion coefficient
distribution constant
diameter
function
fuel-air ratio
mass-flow rate per unit area
acceleration due to gravity, 32.17 ft/se&
heat-transfer coefficient
specific cnthalpy
stoichiometric nuinber of moles of oxygen per mole

of fuel
Bessel functions of the fit kind
constant
evaporation constant

constant
La.grangian scale of turbulence
moiecul_& weight
ma.m
absoluti total pressure
Prandtl number
partial pre9sure
universnl gas constant
Reynolds number
radial distance
temperate
half-thiclmess of port
time
velocity

intensity of turbulence
volume flow rate
stoichiometric weight of

fuel
total mass flow
mole fraction
longitudinal distance

o~gen per unit weight of

distance from drop center
concentration parameter
eddy ditlnsivity
drop distribution parameter
thermal conductivity
size constant
absolute viscosity
time parameter
density
emmmtration parameter

Subscripts :
“drop surfac8
air
burning
surrounding atmosphere
combustion
drop
flame
fuel
jet
laminar
liquid
initial conditions
products
secondary flow
stoichiometric
turbulent
tube
vaporization
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Fmmm 197.—Various configurations used to obtain gaseous diffusion flames (ref. 1).

GASEOUS DIFFUSION FLAM33S

Gaseous di.flision flames occur upon ignition of a jet of fuel
ent eriug either quiescent air or an airstream. The resulting
flame emits heat and light and appears to have a discrete
reaction zone, the appearance of which depends on the con-
ditions of burning. Gaseous dfilon flames are most com-
monly encountered in simple home and industrial burners
but may exist in any system where fuel and air are admitted
separately and w-here the mixing processes are S1OWcompared
with chemical reaction rates. Typical ways in which the
fuel and osidant are cnused to interact me shown in figure
197 (ref. 1, p. 99). hlost of the basic work on diflusion
flames has been done with the concentric-tube arrangement
(197(c)), since it has the simplest geometry. Arrangement
(a) has been used for some spectroscopic studies of flames,
which are dimmed herein.

APPEARANCE

The shape of a laminar flame burning from a jet of fuel de-
pends on the relative quantity of air supplied. If excess
air is present, the flame is a closed, elongated figure. Such
flames occur when a jet of fuel is admitted into a large volume
of quiescent air or when two laminar coaxial jets are used,
the inner containing fuel and the outer containing an excees
of air. If the air supply in the outer tube is reduced below
the stoichiometric proportions, a fan-shaped, underventi-
lated flame is produced.

(e)
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FIGUEZ198.—Flamezonesfor gaseousdiffusiontfames (ref. 2, p. 700).
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—Uff”’i”fbm+rans’””“9’” ~ Fully developed turbulent flames ~

I

\

Increasing nozzle velocity ~

Under certain limiting flow conditions, the flame can
assume a more complex structure. Flame shapes obtained
in concentric-tube hydrocarbon diflusion flames (fig. 197(c))
for various fuel flows and airflows are classifiedin reference 2.
These flame zones are illustrated in figure 198. Zone 1
indicates a normal, over-ventilated diffusion flame, and
zone 2 indicates the underventilated flame. The dashed
line separating zones 1 and 2 denotes the smoke point,
smoke appearing as the fuel flow is increased (see ch. IX).
Zone 3 illustrates overventilnted flames having a meniscus
shape without the yellow glow usually associated with
diiTusion flam~. The shaded areas me essentially zones of
unstable flames. In the lower part of zone 4 there appear
flames that oscillate from side to side, called lambent flames
in reference 2; and in the upper part of zone 4 rich, tilted
flames appear. In the lower part of zone 5 are found
toroidal-shaped flames, called vortex flames; and in the
upper part of zone 5 me lean, tilted flames The flame in
zone 6 has begun to move mvay from the burner base and
corresponds to the lifted flames discussed in chapter VI.

If either the fuel flow or the airflow is made turbulent, a
brushy, rough flame results. At floww near the critical tran-
sition from laminar to turbulent, only the upper portion of
the flame is turbulent, the flame near the burner port retain-.
ing the appearance of a laminar flame. Typical changw in
the appearance of a gaseous diffusion flame as the fuel-flow
velocity is incrensed are shown in figure 199. The line sep-
arating the laminnr portion of the flame from the turbulent

I?muma 199.—Progremive ohange in flame type with inorwise in nozzle velooity (ref. 4).

portion is called the break point. When the break point
closely approaches the nozzle, further increases in vel~city
have very little effect on either the total flame height
(measured from the burner port) or the breakpoint, although
the noise intensity increases. The quantitative vmiation
of flame height with flow velocity is treated in a subsequent
section.

STRUOTURE

Unlike the flame of premixed gases, which has a very
narrow reaction zone, the difhsion flame has a tide region
over which the composition of the gas changes. These
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Fmmm 200.-Conoentrations of carbon monoxide, nitroge~ and
oarbon dioxide on axis of oylindrioal oarbon monoxide flame
(bY N-ion from mf. 3). .
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Fmmm 20L—C%mpition of hydrogen diffusion flame. Nozzle
diameter, j~ inoh; nozzle velooity, 108 feet per ~cond (ref. 4).

changes are principally due to the interdfilon of reactants
rmd products, since the actual reaction apparently takes
place rapidly in a narrow mne. The diffusion flame is thus
better suited for studies of the temperatures and concentra-
tion profiles Some of the results obtained for both laminar
and turbulent flames are discussed herein.

Lam.inar flames.-In reference 3, the distribution of
combustion products in a laminar diffusion flame was
measured. A probe was placed along the axis of the burner,
and gas samples at various heights were removed. The
measurements for a cylindrical carbon monoxide flame are
shown in figure 200, in which the carbon monoxide, carbon
dio.ude, and nitrogen concentrations are shown as a function
of height above the port.

Reference 4 reports measurements of hydrogen, oxygen,
rmd nitrogen concentrations in a hydrogen-air diffusion
flame at various heights and radial distances in the flame.
The results are shown in figure 201. The measurable 0,
concentration shown in the fuel side of the flame front is

attributed to air entering the sampling tube because oi
flame movement. The structure of the dtiusion flame
suggested from the analysis is illustrated in figure 202, which
may be considered gemrally typical for laminar gaseous
difhsion flames. The figure shows the fuel-gas concentra-
tion at the burner centerline dropping to zero at the flame
front, -while the Oz ris@s from zero at the flame front to its
value in the ambient stieam. The concentration of products
is a maximum at the flame front. The o.~gen and fuel are
considered to reach the flame front in stoichiometric pro-
portions and to react to form products instantaneously.
In most theoretical treatments, a simp~ed picture of the
reaction is assumed in which only one difFusing gas is con-
sidered. Instead of treating both fuel and oxygen varying
from their initial concentrations to zero at the flame front,
the fuel, for example, is treated as negative oxygen. In
the reaction 2H~+Oz~2H~0, each mole of hydrogen is
equivalent to % mole of oxygen. One of the dashed curves
in figure 202 represents the reflected fuel curve corrected
for the stoichiometic ratio. Thus, it is possible to con-
sider only the difFusion of osygen from its initial concentra-
tion through zero at the flame front to the proper negative
value in the unburned fuel. In a similar manner, the other
dashed curve illustrates the condition in which the oq’gen
is considered in terms of its fuel equivalent.

The actual flame is not as simple as the previous discussion
may suggest, since, in addition to the molecular species
that have been studied by conventional sampling and gas
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l?muRE 202.-Simpliiied diagram of concentration profiles in typioal
laminar diffusion flame (ref. 4).
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analysis, free atoms and radicals are present. A flat flame
in an apparatus similar to that shown in figure 197(a) was
used in reference 5, in which the distribution of various
species in the flame was studied by a spectroscopic method.
In addition, a sodium line revenml method was employed to
measure flame temperature. The results are given for a
H,-O, flame in figure 203(a). The temperature profile is
shown, in addition to a qualitative intensity distribution for
OH and OZ as determined by both emission and absorption
spectroscopy. The relatively flat temperature profile has a
maximum of about 2800° C, which agrees closely with cal-
culated adiabatic flame temperatures for the stoichiometric
reaction. A similar set of curves for CU2 fkunea is shown
in figure 203(b). In addition to OH and 02, the C~, CH, and
continuous emission are shown. Similar curves are shown
for NH@Z flames in reference 5, while additional curves
for H4Z and N3&0S along with C@.CO~ and CO-O, are
given in reference 6. The general characteristics are similar.

Turbulent flames.-The distribution of reactants and
products in a turbulent *ion flame of hydrogen and air
is studied in reference 7. The situation is somewhat more
complex than in the Iaminar flame. Unfortunately, the
results are influenced by the conli.ning duct, so that the
curves can be applied only qualitatively to open flames.
The data are shown in figure 204 for various heights and
radial positions. The 09 and Ha concentrations were meas-

ured, while the HSO concentration was calculated. The
general appearance of the Hz and OZ curves resembles that
of a laminar flame, although there is considerably more
overlapping of the Ha and OS in the vicinity of the flame
front. This result is consistent, however, with the oscillating
nature of the turbulent flame, which results in the apparent
thickening of the reaction zone when a time-average, rather
than an instantaneous, position is considered.
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Fmumz 204.-Concentration profiles in hydrogen-air flame. Nozzle
diameter, ~e inoh; no primary air; flow velooky, 162 feet per
second (ref. 7).
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THEORY

The theories of the burning of premixed fuel-oxidant
systems discussed in chapters IV and V consist essentially
in analyses of the factors such as diihsion, heat transfer,
and reaction mechanisms as they affect the rate of the hom-
ogeneous reaction taking place. ‘~omogeneous” is used in
the sense that fuel and oxidant molecules are intimately
mi..ed in the unburned gas, although concentration and tem-
perature gradients exist in the reaction zone. Because
the primary mixing process of fuel and oxidant appeam to
dominate the burning proces in ditbion flames, the theories
emphnsiie the rates of mixing in deriving the characteristics
of diilusion flames. Since laminar and turbulent mixing
processes are usually treated differently, the theories of
laminar and turbulent d~lon flames are also separated in
the following discussion. Only those mising processes direct-
ly involved in setting up the equations for the flame are
considered, since the general subject of mkiug is treated in
chapter II.

Zamiuar flames.-The basic equations for the theoretical
treatment of laminar, gaseous diilnsion flames to determine
flame length and other properties were established by Burke
and Schumann in 1928 (ref. 3). Later work has extended
the range of the treatment. Burke and Schumann used an
experimental model corresponding to figure 197(c), which
is redrawn in sketch (r) to aid in defining some of the terms:

Und~;~lated— –

T
bF

L_. _

bF

1
S!mtd (r)

The basic assumptions that Burke and Schumann made in
setting up the problem are listed and discused to facilitate
referenm to them. Additional assumptions to facilitate
solutions of various equations are considered as they arise.

(1) At the port position, the velocities of the air and the
fuel are assumed constant, equal, and uniform across their
respective tubes, so that the molar ratio of fuel flow to air-
flow is given by r~/(r~—r~.

(2) The velocity of the fuel and air up the tube in the
region of the flame is the same as the veloci~ at the port.
That this is not actually true has been shown for premixed
V-flames in chapter IV.

(3) The coefficient of interdiifwion of the two gas streams
is constant. Since diflision coefficient increases with tem-

perature, as does the gas velocity assumed constant in (2),
Burke and Schumann suggest that these two effects mwy
minimize the errors introduced by the assumptions.

(4) The interdiflusion of the two gas streams is ontiroly
radial. This is a reasonable assumption for tall flames.

(5) The mixing of the two streams occurs by difl’usion
only. In other -words, recirculation eddies and radial flow
components are assumed absent.

(6) The flame front is a geometric surface where fuel and
oxygen meet in stoichiometric proportions and renct to give
reaction products.

(7) The o~gen is considered the negative fuel. In tho
reaction Fuel+ iO?-Products, each mole of fuel is equivakmt
to i moles of oxygen. The oxygen concentration ~gw may
then be replaced by its stoichiometric equivahmt in terms of
fuel %oJi, which is the number of moles of fuel that would bo
completely burned by %2 moles of oxygen. Since’ zmo
concentration of reactants at the flame front is desimblo, the
oxygen is treated as negative fuel so that the fuel concentra-
tion ranges from its value in the unreacted jet c&, to the
equivalent value of oxygen in the unreacted air Y&Ji. This
is shown in figure 202 by reflecting the o.xygen-concenhntion
curve in the horizontal axis and plotting %ol[i, whero i= ~
for the stoichiometric HrOj flame. Burke and Schumrmn
consider the concentration in terms of partial pressures,
d.ich are proportional to the molal concentrations discussed.

(8) The tube containing the fuel flow has a negligible
thickness.

These assumptions reduce the problem to one of diflusion
of a single gas having a certain initial &stribution ancl sub-
ject to certain boundary conditions. In cylindrical coordi-
nates, Fick’s law of d.Mision gives the equation describing
the concentration as a function of time and coordirmtes:

%=”(3+%9 (1)

From assumptions (1) and (2), t cm be roplacecl by vert,ic~l
distance, since

t =2
u,

(2)

and there results

which now contains the height and radius. The boundmy
conditions can be stated on the basis of the burner port ot
x=O. At this point,

1

(4)
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The hrdf-thickness
small. Also,

of the port ~% is aasumed negligibly

The solution of equation (3) with the
(4) and (5) is

(5)

boundary conditions

where
k constant that assumes all positive roots of the equation

Jl(kr,) =0
P p,+ (po,/t]

170r further discussion of the solution of equation (3), see
reference 8. General methods of solution of equations of
this type are discussed in reference 9.

The equation for the flame front is obtained
p=O at r=rF, so that equation (6) becomes at
front

by setting
the flame

(7)

Tho shape of the flame bent can be obtained by plotting the
values of rF and z that satisfy equation (7). The height of
the flame h~ is given by the value of z when r~=O for an
overmmtilated flame and rp=r, for u underventilated
flame. The results of a typical calculation are illustrated in
figure 205 for an overventilated and an underventilated
flame for which it was assumed rj=% inch, r,= 1 inch, D=
0.0763 square inch per second, and Uj=O.610 inch per second,
which comspond to a fuel flow of 1 cubic foot per hour.
The calculated shapes agree well with the observed flame
shapes. A similar treatment was used (ref. 3) to calculate
the flame shape for a flat diffusion flame on a burner re-
sembling that of figure 197(a).

The properties of difhsion flames are also calculated in
reference 8, in which the analysis was begun with equation
(1) rmd essentially the same assumptions except assumption
(1) were used. The fuel and air velocities were not required
to bo equal, although it was required that the air velocity
be constant over the annulus and the fuel velocity over the
inner tube, and that no momentum timafer occur during
difl’usion (assumption (2)). Solution of the equation of
reference 8 gives

D,@z Dk9=

z~ J,(krj)JO(lcrF)- w+ iUj - W r,z–r~ D, Tj
k [J&.)]2 e

—e =————
PO*U1 2rj Po,u. 2

(8)

Comparison of equations (7) and (8) shows the similarity.
The principal difference is the addition of two terms cm-
tnining the ratio Uj/U,, which was resumed equal to 1 by
Burke and Schumann.

Tho analysis was also begun with equation (1) in reference
40010*5%27
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FIGURE205.-Crdculated flame shape using equation (6) for under-
ventilated and overventilated flame (by permimion from ref. 3).

4, in which the characteristics of the flame burning on a jet
of fuel discharging into still air were computed. Essentially
the same assumptions as those of reference 3 were used,
except assumptions (1) and (2), which no longer apply.
Unlike the assumption of reference 3, in which the oxygen
is considered negative fuel, the amilogous position that fuel
is negative oxygau is taken in reference 4. The oxygen-
concentration curve would then follow the dashed line in
figure 202 on the fuel side of the flame front, where the fuel
concentration is replaced by —ipfi The oxygen partial pres-
sure varies in an air flame from 0.21 to —iPfi The solution
of reference 4 was obtained in terms of
sionless concentration ~=1 defined as

()%1+ q, ,
%@= g

()1+ %f,t
and a dimensionless time parameter Z
tion

~_4Dt
“—~

a generalized dimen-

(9)

detied by the equa-

(10)

The solution of equation (7) is (ref. 4)

%%F= I–e–A (11)
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where
1~F=

[1

()
I+ -~a

. ‘h (a,%,

Also, from equations (10) and (11),

In(l–v.)=&

(12)

(13)

If the volume flow rate Vll is introduced, where

vfl=iuy,~ (14)

there results

(15)

In equation (15), the value of tisyet undetwmined. A form
based on dimensional amdysis and experimental data was
used in reference 4.

In reference 10, t was treated somewhat dilTerently.
Equation (15) was simplified to (see ref. 1)

J’+&-:)
47TD (16)

and t vim replaced by 6R/tJOJ,vvhich assumes that the port
velocity remains unchanged to the flame tip. The flame
height is then given by

bp,.= ‘&H v,,%= - ,,7)
47D ‘— dl

which is in agreement with the result of reference 3.
While the laminar diflnsion flame theories discussed in the

previous paragraphs consider the general characteristics of
the flame, thev do not consider the detailed ~henomena
occurring ‘in the flame region. These theories consider the
flame as a discontinuity, while in the actual case the flame
hasa thickness that depends on the relative rates of chemical
reaction and mixing. The details of flame structure are con-
sidered in reference 11, in which an Arrhenins tvpe of
reaction-rate expression ‘is used. At remote points ii~-m the
reaction zone, the curves of concentration and temperature
are not appreciably altered, but the sharp break assumed by
the earlier theories at the instantaneous reaction zone be-
comes a rounded curve for a iinite reaction time:

l_flo~
I ,front

sketch (s)

Under the usual cmyiition of burning in a Iamhmrdiffusion
flame, the simplifiedflame diagram used by Burke and Schu-
mann and others is adequate. If the flow conditions ore
altered so that the flame zone becomes thin compared with
its length, the Wlon proce~es may be sufficiently rnpicl
that the chemical reaction rate becomes important, and the
more complicated treatment of reference 11 is necessary.
Such may wellbe the case near the extinction limits. Equa-
tion (8) may be used for calculating the dimensions and con-
centration gradients in a diflusion flame, while the simpler
equation (17) is useful for estimating relative flnnm heights,

Turbulent flames.-The theoretical treatment of turbu-
lent diffusion flames is less advanced than that of huninnr dif-
fusion flames because of the much more complicated mixing
process involved. There have been essentially two ap-
proaches to the problem: The fist uses the larnirmrdMusion
flame equations but replaces the molecular diffusion co-
efficientby an eddy tilvity, nnd the second uses equations
based on the mixing of turbulent jets and derives a new sot of
equations. Since the fit treatment follows directly from
the previous discussions, it is discussed first.

The eddy ditlwhi~ e that will replace the molecuhw
diffusion coefficient is given by

PC=ga u= (1s)

For fully developed turbulent flow inside the burner tube,
9-is proportional to the tube diameter, and the intimsity
of turbulence is approximately proportional to the mean
flow velocity at the axis, so that

Uxu6rf (19)

can now be inserted into equation (17), for example, to give

~=#fJzF& ~fl~F_— —
,

Te Tujrj
(20)

Substituting VJ, from equation (14), there results

(21)

which indicates that bF,T/rjis nearly COnStintin the turbu-
lent region. A similar result is shown in reference 12 for
flat flames (fig. 197(a)).

In reference 7, the diifusion flame is described by use of
the cold-jet mixing process. The details of this mixing
process are discussed in chapter H.. In this section, only
the applimtion of turbulent mixing to diffusion flames is
considered.. Therefore, only the distance requked to pro-
duce a stoichiometric mixture is of concern here, for, as in
the laminar flame, this equiconcentration surface is con-
sidered to be the flame front. For simple turbulent mis-
ing, the axial distance at which a given concmtrntion
is reached (e. g., stoichiometric) is found to depend only
on diameter and not on veloci@. Thus, b~,T/rj would
be a constant, in agreement with the results obt~incd
previously. A consideration of the actual mi\ing process
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in the presence of buoyancy due to density differences and
in the presence of chemical reaction is quite complex. The
problem is treated in reference 7, in which the following
equation is obtained:

(22)

where “

As with tho previous treatments, tho ratio bF,./rj depends
only on the stoichiometry and thermodynamics of the sys-
tem and is independent of velocity and diameter. Although
obtafied by a less rigorous treatment than the equations for
laminar diffusion flames, equation (22) reflects the same type
of controlling process and is one of the most readily used
equations for predicting the relative flame heights of turbu-
lent gaseous diffusion flames.

BFFECTORVARIABLESONrriAMEHEZGHT

Laminar flames,-Within the region designated normal
flames (zones 1 and 2 of fig. 198), the flame height varies
with changes in fuel flow. For a given fuel flow, the shorter
flame indicates a greater burning rate per unit volume of
spnce than the higher flame, so that flame height is often
used in diffusion flames as a measure of burning rate. A
study was made of the effect of various factors that can
intluence the flame height of diffusion flames containing
some premixed primary air (ref. 13). The apparatus was
essentially that of figure 197(c), except that the secondary
air was supplied by natural rather than forced convection.
The effects of port velocity, port diameter, and ratio of
primary air to gas on the flame height were investigated.
While a discussion of the addition of primary air overlaps
previous discussions (chs. IV and ~, it should be reed.led
that even so-called premixed flames with primary gaaw
richer in fuel than stoichiometric have an outer flame zone
that is a difhsion flame. Reference 13 found that flame
height increased with increasing port diameter and primary
gas velocity; the results for Cambridge city gas are repre-
sented by the equation

bFL=K, log U,+K, log r,+K3 (23)

where Kl, K1, rmd 113are constants that depend on the ratio
of primary air to gas. The quantity of secondary gas sup-
plied to the flame had little effect on the flame height, pro-
vided there was suilicient secondary air for combustion of
76 percent of the fuel (ref. 13).

The results of Gaunce quoted in reference 4 for Cambridge
city-gas flames with no primary air, burning on a 0.125-inch
port, are shown in figure 206. Reference 4 found that the
data of reference 13, the laminar portion of the data of
Gaunce for Cambridge city gas, and the data of reference
4 for carbon monoxide could be empirkally correlated,
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Fmurm 206.—Effect of nozzle velooity on flame height of oity-gas
flames. Moleoukm weight, 19.7; no primary air; air requirement,
approximate] y 4.5; nozzle diameter, ji inoh (ref. 4).

using only two empirical constants depending on fuel tcype
and air-gas ratio. The equation is

The values of K, and K2 used are given in the following
table, and the effectiveness of the correlation is shown in
figure 207, where straight lines are obtained when log Vf&f
is plotted against flame height:

city gas-------- 0 L 39 5.09
Oity gas-------- L 29 L 87 6. !33
co------------ 0 1.39 4.91
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FIGURE207.-Co&h3tion of data on heightof diffusionflames (ref. 4).
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For the calculation of Z,, it was assumed that (%/%),, =2.38
for carbon monoside and from 4.3 to 4.8 for city gas, depend-
ing on the composition. Equation (17), derived theoreti-
cally, shows that 13FLshould increase as Uj and the product
V@~ increas.elbut fails to show the logarithmic form that
is found empmcally to fit the experimental data.

Data similar to those of reference 4 for city gaa were ob-
tained in reference 10 for a mixture of 50 percent city gas
and 50 percent air by volume and for butane. The laminar
portions of the flame-height curves for 100 percent city gas
fit the empirical equation

b
1

“L=0.206 , 0.354

n’v~

(25)

where I“fl is in cubic centimeters per second and b~~ is in
centimeters. Diameter does not appear in this equation,
since flame height was independent of port diameter at the
low flows necessary for ltiar flow. Actually, the experi-
mental curves do show a slight effect of tube diameter. A
larger diameter effect is found when a mixture of 50 percent
city gas and 50 percent air is used. These data fit the empir-
ical equation

~F,L 2
r, 0.275+2.47—.

,q u,

(26)

where U ia in centimeters per second. It was found (ref. 10)
that 100 percent butane and butane-primary-air flames
follow a very simple relation with flow rate for tubes:

K,””
““==

(27)

where Xf is the mole fraction of fuel in the jet. The data
are shown in @e 208 for a 0.4inch-diameter port. The
empirkal coefficient decreases slightly for large changes in
port diameter:

It
Port- in. K1

0.180 10.4
9.9

.2° 9.7
1.03 9.1
1.99 8.3

I I I

Since the empirical equations of reference 10 bear ~ttle
resemblance to equation (17), it is suggested therein that
the assumptions of constant ~ and constant ~, may be in
error. Since D changea more rapidly than Uj, the total
change may be represented by a change in D alone, which
results in

(28)

Combining all the effects yields the following form of the
theoretical equation:

‘F”L=Jz&2(29)

which has the same form as equation (25). In gencmd, the
measurements and correlations that have been prescmtecl
were determined for flamea that ranged initially from 4 to
6 inches up to about 25 inches.

BuIam,
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12 14

I?mmmm208.-Heights of butan~air flames in free air. Burner-tube
inside diameter, 0.4 inoh (ref. 10). Reynolds number, 2300,

Reference 8 presents some measurements of flames from
0.2 to about 1.5 inches in length. The effect of fuel velocity
on flame height is shown in figure 209(a). In the region 01
low fuel velocities the flame heights are independent of the
air velocity, in agreement with the data of reference 13.
but at higher fuel velocities the points for the loww air-
flows of 0.9 and 1.74 inches per second rise above the othel
data. The lines in the figure were calculated from equatior
(8), and reasonably good agreement is obtained for the
higher air velocities. The proper trend in flame height iE
predicted for the airflows of 0.9 and 1.74 inches per second
but the theory predicts a greater separation of the 3.46-
and 5.13-inch-per-second data than was found experiment-
ally. Equation (8) contains the parameter 6FL/Uj nnc
Uj/U,, which suggests that these quantities m~y be usefu
in corrcilating the experimental data. The tit of these
has the dimension of time, while the second ia proportions
to the fuel-air ratio. A plot of b~&/Ujagainstfuel-air ratio i.
shown in figure 209(b) along with the line obtained thooroti
ic.ally tim equation (8). Reasonably good correlation
and agreement with theory are obtained.
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~IQURD 209.—Effect of fuel and air velocity on flame height (ref. 8).

The change in flame height tith flow velocity and tube
diameter represents the principal studies on laminar difEusion
flames. Only a little work has been done on the effect of
pressure on flame height. It was found in referance 8 that

pressure changes of 10 to 1 atmospheres had practically no

effect on flame height. The theory (eq. (8)) predicts that

flame height should be independent of pressure. Reference
3 also found flame height to be insensitive to temperature
rind pressure. Theoretically, this independence of flame

height results from the fact that presswe and temperature
affect the flow velocity ancl diffusion coefficient in opposite

directions, thus canceling their effects.
The rather simple form of equation (24) and its success

in correlating the data for cliilerent systems make it appear
the most useful for ~ctiating laminar flame heights where
the empirical constants are known. The ~culty of apply-
ing the theoretical equations and the uncertainty of some of
the assumptions limit their use in predicting absolute flfqme
heights.

Turbulent flames.-Figure 206 shows that, at certain

criticnl flows, the tip of the flame becomes turbulent and the
turbtient portion increases tith increasing flow rate. The
brerdc points of city gas, hydrogen, and propane flames -were
measured in reference 7. The total flame heights, -ivhich are

relatively constant, were also meaaured and are shown along
tith the break points in figure 210. It is evident that both
the total flame heights and break-point heights are relatively

insensitive to flow rate in the fully developed turbulent

flame, which agrees with equation (22). The break points
for two gnaw of diifering WTusion coticients are shown in
figure 211, where the ratio of break-point heighb to port
diameter is plotted against the product of di.Husion coafEicient
and flow velocity. Again, there is n drop in break-point
height with flow- velocity until a critical veloci~ occurs,
after which there is littlo change. Break points for un-
ignited and ignited ethene systems were studied in reference
14, which revealed that the break point was higher for the
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(a) City gas; molecular weight, 16.2; $i-inoh nozzle.

(b) Hydrogen; molequkir weight, 2; jf-inoh nozzle; (%%r)f, O:
(%/%r) .,, 2.38.

(c) Propane; molecular weight, 43.2; }&iioh nozzle; (%/%~)i, O;
(%./%%).0 2.33.

l?ZGURE 210.—Visible flame-height oharaoteriatics. Uncofined
flames; rounded nozzles (ref. 7).
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w, Sq ftfsec -

FIQURE21I.—Break-point heights for hydrogen and city gas (molecu-
lar weight, 19.7) flames (nonpremixed) (ref. ‘7).

ignited stream. The flow-velocity range can be increased
some~vhat by the use of a pilot, and refercmce 1 shorn that
the flame height increases somewhat with flow veloci~
under these conditions; ,m increase of flow velocity from 200
to 1200 feet per second causes about a 5-inch increase in
flame height in the presence of a pilot.

l?lame heights of 100 percent city~as flames (fig. 212(a))
and 50 percent city gas–50 percent air flames (fig. 212(b)).
in the turbulent regime were measured in reference 10.
The data are represented approximately by

~T= 2
r,

(30)
o.oo775+y

for 100 percent city gas where U. is in centimetersper second;
and

~.= 2
rj

(31)
0.0132~

for 50 percent city gas-50 percent air, again in metric units.
Reference 15 shows that diffusion flames containing jets of
powdered coal in air have flame heights similar in magnitude
to those of gaseous fuels.

Se-rend equations for the length of turbulent diifusion
flames me compared in iigure 213, where flame height is
plotted ngainst the stoichiometric concentration for five
fuels. Each point represents a single fuel, while the lines
are calculated from the equations shown in the figure.
Wohl’s equation is shown as a dashed line; a curve derived
in reference 15 in which x a log r is shown as a dot-dash line;
and the equation of reference 1 is represented as a family of
solid lines for various molecular-weight ratios. Black dots
on these lines indicate the range of ~mz of interest. It is
apparent that, for fuels of widely dit7ering molecular weight,
the molecular-weight ratio is necessary, although Wohl’s
equation can be made to agree with equation (22) to within

COMMI!lllTCEFOR AERONAUTICS

... -” “

;= (a)’ I t , t I , I
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(a) City-g= concentration, 100 percent.

(b) City- concentration, 60 peroent.

FIGIJREI212.—Effeot of velooity on ratio of flame height to tube
diameter in turbulent region of oity-g= fl~mes in free air (ref. 10).

about 30 percent if hydrogen is omitted. The proposed
function of reference 15 cannot fit diiferent fuel types unless
a diilerent empirical constant is used for each fuel.

STAEIL.ITY

The dithsion flame, like the premixed flame, has certnin
regions of stability beyond which burning cnnnot, occur.
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Fmmm 213.—Comparieon of calculated curves and experimental
data for five fuels (ref. 1).
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These have already been indicated in @e 198 by the

boundary separating the various flame zones from the ex-
tinctio~ region. While the phenomenon of flashback is, of

course, not possible for -ion flames, the extinction curve
does not extend to either zero fuel flow or zero airflow. As
the fuel flow is decreased, the flame becomes smaller and
smaller until the quenching action of the nozzle wall is suf-
ficient to prevent propagation. Thus, a lower boundary is

set to the fuel flow. As the fuel flow is increased, the flame
length increases. At critical fuel flows, however, the proc-

esses of flame lift and blowoff occur entirely analogously to
the Bunsen flame. In fact, the blowoff of rich Bunsen

flames (see ch. VI) may well depend on the characteristics
of the outer-mantle -Ion flame. Some typical data on

the lifting and ultimate blowoff of a butane cliflusion flame
(ref. 2) are illustrated by @e 214. The solid line shows

the location of the flame base as the flow velocity is in-
creased and lift occurs. The dashed line, on which typical

flnmes are shown, illustrates the path of the flame bases as
tho butane flow velocity is reduced and the flame resettles.
This type of hysteresis in the lift curves also occurs tith

premixed gases (see ch. VI). The ultimate point, at a flovr

velocity of about 300 milliliters per second, corresponds to
complete blowoff. The data of refereneo 2 are for rather

short laminar flames, but the phenomenon of lift is illus-
trated for turbulent flames by the dashed curves of figure 206,
which S11OWthe location of the bottom of lifted flames and
their corresponding total flame height.

The stability range of Wusion flames of ethene issuing
from carburetor-type jets into still air is reported in reference
14. The results showing the stability region as a function

of jet diameter and Reynolds number may be seen in figure
216. The range of gas flow over which the flame is stable
increases only slightly with increasing jet diameter. Above
a certain diameter, the range over which the lifted flame
persists widens rapidly m the jet size increnses, because of
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l? ICtUBE 214.—Flame lifting. Butane florr, 10 millimeters per
sesond (ref. 2).
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FIQURE215.-Stabiflty ranges of diffusion flamea on carburetor-type
jets (ref. 14).

the rapid decrease in blowoff tendency on larger jets. On
small jets, the lift and blowoff limits coincide. The phe-
nomenon of lift is explained in reference 14 by a comparison
of the break points of ignited and unignited streams and
the height of the base of the lifted flame. In figure 216, the
height to turbulence or the break point or the height to the
base of a lifted flame is plotted against Reynolds numbe~
wsentially flow velocity. Curves A and B connect the data
for the height to turbulence in the uni@ted and ignited
streams,-respectively. Note that the height to turbulence
occurs at higher Reynolds numbers for the iggted gas
stream. The stabilization was attributed in reference 14
to heat addition from the flame. Curve C represents the
height between the top of the burner and the base of the
lifted flame. Curve D represents the height to turbulence
in the fuel jet of a lifted flame. At a flow rate immediately
before lift, the break point in the gas stream li= well within
the flame envelope. At the actual lift point, the flame is
stabilized by eddies formed at the break point, and the base
of the flame is at the same height as the height to turbulence
(point X in fig. 216). After the flame has lifted, the heating

Fmurm 216.—Diffusion-flame stability diagram showing: A, height
to turbulence in uni@_ted jet; B, height to turbulence in presence
of seated flame; C, height to flame base of lifted flame; and D,
height to turbulence in presence of lifted flame (ref. 14).
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effect of the flame on the gas stream is removed, so that the
break point returns to that of an unignited jet, shown by the
dashdot line connecting curve D and point X. As the
flow rate is reduced, the break point follows curve D, -while
the flame base follows curve C. When they meet at point
Y, the flame suddenly resettles on the port, and the break
point rises to point Z on curve B. This description accounts
for the hysteresis in the lift curvw noted previously.

Within the region in which the flame seat is located at the
port, the height of the flame increases reggarly with flow
velocity (fig. 206). However, reference 2 reports that, under
some conditions, flame vibrations may appear. To the eye,
there appears a double flame that may correspond to the
maximum and _um positions of the vibrating flame as
sketched in iigure 217(a). Stroboscopic pictures of the

Fuel flow

(a)

/

— —

I

(b)

(a) With and without OBOihtiODS.

(b) Instantaneous ohan~ in flame appearance.

FI~UBB217.—Effeot of fuel flow on flame height (ref. 2).

flame (fig. 217 (b)) show that the vibration consists of n
progressive necking of the flame; this can leacl to the formn-
tion of in island of flame which, separated from the seatecl
flame, burns itself out. The butane flame vibrations lIrLvo a
tiequency of about 8 cps that is relatively independent of
the flow. Nlotications of the fuel supply system chango
the vibration frequency so that frequencies from 3 to 20 cps

have been measured. Hydrogen gives a frequency of about
200 cps; in a few cases, the butane frequency can be equrdly
high. Similar frequencies were found (ref. 16) for tho mte
of flicker of diilision flames; hence, it appem-a that tlm
phenomena are related. In reference 2, the vibrations me
related to the phase lag At between the occurrence of mmi-
mum fuel flow in the oscillating flow and the appmmnco of
maxipmrn flame height. If the phase lag is small compared
with the half-period of the vibration (At<t#, the flamo
ilicke~; if At=tlfl, the flame height rises to a maximum and
suddenly drops to its initial value; if At>t~, flamo necking
and ultimate breaking off of islands of flame can occur,

LIQUID DIFFUSION FLAMES

SINOLEDEOPCOMBUSTION

When a single drop of liquid fuel burns, it is surrounded
by a diflkion flame, as illustrated in figure 218. I?uol is
evaporated from the liquid interface and difhses to tlm flamo
front, while oxygen moves from the outside air to the burning
surface. The rate at which the drop evaporates and burns
is determined by the rate of heat transfer from the flame
front to the liquid surface. As in the case of gaseous diil’u-
sion flames, chemical processes are assumed to occur so
rapidly that burning rates are determined solely by mass-
and heat-transfer rates.

‘llheory,-l?lame structure: Spalding (refs. 17 and 1S)
and Graves (ref. 19) consider a double-ti model for combus-
tion of a liquid fuel. One film separates the drop surfaco
from the flame front; a second separates the flame front from
Lhe surrounding atmosphere. The distributions of tempera-
ture and of fuel, o.sygen, and product concentrations as m
function of distance through the combustion zono are as
follows:

~
1 I Surraumllna

Liquid
surface

A B c

sketch(t)
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FIQIJEE218.—Burning benzene drop (ref. 29).

In steady-state combustion, the liquid surface is assumed
to be rd a temperature a few degrees below the normal
boiling point of the fuel, as surveys of the temperature fields
in burning liquids indicate (ref. 20). In the A73 region, fuel
evaporates at the drop surface and Mluses to the flame
front, where it is consumed. Heat conducted horn the
flame front serves to vaporize the fuel and heat it to the
burning temperature TE. (Itis assumed that there is no
clmmical reaction of the fuel before it reachea the flame

. front,) In the l?C region, oxygen ditlusesto the flame front,
and combustion products and heat are transported to the
surrounding atmosphere. The position of the C surface is
determined by convection (natural or forced).

Burning temperature: By equating fuel flow to oxygen
diffusion and heat conduction in the Bc region, the burning

temperature may be determined. l?or oxygen Mlusion,
with the fuel and oxygen flowing in opposite directions,

(32)
where
w,, weight of oxygen consumed in combustion of unit

weight of fuel (stoichiometric relation)
xpjx~ number of moles of products formed per mole of

o~gen consumed
The term (Xp/Xo,–1) takes some account of the fact that

there will be a net gas motion if XP/X@ # 1. The expression
is applicable to the steady-state diffusion of both components
of a binary mixture (ref. 21) and neglects the presence of a
stagnant inert gas. For heat flow in region BC,

4+ p.–Ub–k’.c)+(k),-ho,,u)]=-%?c y (33) -

where
ho specific lower he~t of combustion of liquid fuel at tem-

perature of surrounding atmosphere
hp speciiic enthalpy of products referred to unit quantity

of fuel
ho, specific enthalpy of oxygen refereed to unit quantity of

fuel
The term in the brackets is the heat that must be tins-

ported to the pointy in the combustion of unit quanti~ of
fuel. Eliminating the fuel flow from equations (32) and
(33) and integrating give

sK~w, ~ ‘B dT
Dpo, T= hC—(hp—hp,c)+ (&, —hO,rC)

A “*

if POPUis small and XP/Xo, = 1. The factor KmW,t/DPo,is
considered independent of temperature.

Integrating the left side of equation (34) by introducing
mean specific hat CPfor products and oxygen results in

KBow,~ ~ ~_(CP,F–CZO2) U’F–T.)
DPO, (C,,P’-P.O,)

[
he 1

or

(34a)

4691%5&2S
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Unfortunately, the error introduced by expansion of the
logarithm is in the opposite direction from the expansion of
equation (34), and predicted burning temperatures are too
high. Nonetheless, equation (34a) is useful for showing
qualitatively the factors that influence the burning tem-
peratures.

Equation (34) permits a more reliable calculation of the
burning temperature. It has been used (ref. 18) to obtain
burning temperatures for kerosene drops in atmospheres of
varying temperature and oxygen concentration, with carbon
dioxide and water assumed to be the sole combustion
products. Preferential Wlon of water with respect to
carbon dioxide was also neglected. The calculations of
reference 19 for isooctane burn@ in atmospheres of various
oWgen concentrations neglected preferential product dif-
fusion and employed the simplified form of equation (34)
valid for low o~gen partial pressure or XP/XO, = 1; however,
equilibrium dissociation of products was taken into consider-

. ation. In figure 219, burning temperatures of references 18
and 19 are compared for similar conditions. Burning tem-
peratures for isooctme calcuhted from equation (34a) are

3500
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FIGURE219.—Calculated burning temperaturee. InitiaI temperature,
77° F.

rdso shown. It is to be noted that these temperatures are
higher than the adiabatic flame temperatures for corre-
sponding isooctane vapor-o~gen-nitrogen mixtures (ref.
22). Drop burning temperatures may be greater because
there is no net flow of inert gas (nitrogen) through the
burning zone and because the o~gen is preheated to the
combustion temperature by the hot reaction products. The
fact that the reaction zone must have a finite thickness -iv-ill
give rise to lower burning temperatures than those calculated
from equation (34).

Burning rate: For the All region, heat and fuel flow may

be equated analogously to equation (33) (directions of fuel
and heat flow are opposite):

Wf KAB dT
@=h,+hl+hf–hf,A ~ (35)

where
hl heat necessary to raise unit mti of fuel to vaporization

temperature
h, spetific enthalpy of fuel vapor

Integrating over the AB reggon gives

The term h, is included because of the assumption that tlm
bulk of the drop remains ti the initial temperature during
combustion. If the entire drop rapidly reachea the surface
temperature during the fit stagea of combustion, hl should
be omitted. The factors determiningg the drop interior tem-
perature are discussed in reference 23.

If equation (33) is rearranged and integrated over the BC
region,

xk-i)=f:hc-(hp-h:s:(hoi-’37)
From equations (36) and (37), the mass burning rate is found
to be

(38)

In the burning-rate equation, the variation of thermal
conductivitiea with temperature is considered.

Godsave’s burning-rate equation (refs. 24 and 25) maybe
obtained from the fh%t part of equation (38) by using a menn
value for the thermal conductivity in the AB region and
letting hrhfiA=cp,~T– T.): -

4irA _ [
~+Cp,/(TB–TA)

1

“-(ii-i) 4:’71n (;~$ ‘38’)

For a liquid sphere, the relation

(39)

gives the mass burning rate in terms of the change of radius
with time.

Experimentally (refs. 19 and 25 to 28), mass b~ing roles
of single fuel drops are found to be proportional to the drop
radius. Variation of drop diameter with time is given by

d&=d&,.-Mt (40)

where d,, ~ is the initifd drop diameter, d~,=2yA is the
diameter at any subsequent time, and ~is the evaporation
constant. The rate of change of radius with time may be
obtained from equation (4o):

(41)



BASIC CONSIDEIL4TIONSJX THE COMBUSTIONOF HYDROCARBONFUELS WITH AIR 417

From equations (38), (39), and (41), it follows that

A“=*=Z =TPlyA P1 1—% (42)
Yc

~ote that %~~~ be constant if ~A/yc is constant or if yo= a
(drop burning in the absence of convection). Equation (42)
has been successfully used to predict evaporation constants
for the combustion of single fuel drops.

Combustion in quiesoent air.-Evaporation constants of
single drops (initial clkum 1000 to 1500 microns) of various
liquid fuels burning in quiescent air have been obtained by
Godsave (refs. 25 and 26) with a motion-picture technique.
By the snme method, Graves (ref. 19) has studied the com-
bustion of isooctane drops in variou9 oxygen-nitrogen
ntmosplteres. Plots of square of drop diameter against
time were found to be linear (see eq. (40)). Figure 22o
shows a typical plot for isoocttmc burning in an atmosphere
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FIGURE220.—Tirne variation in diameter for drop of isooctane burn-
ing in oxygen-nitrogen atmosphere containing 34.9 percent oxygen
(ref. 19).

containing 34.9 percent osygen. In table XXVII, experi-
mental and calculated (ref. 29) values of evaporation con-
stants for combustion in air determined by Godsave are
presented. Although values for jet fuels were not deter-
mined, evaporation constants of about 10X10+ square foot
per second (similar to kerosene) am to be expected. Evapo-
ration constants from reference 19 for isooctane are pre-
sented in table ~VIII.

The combustion of suspended single droplets of deeane,
tetrdin, fnrfuryl alcohol, and amyl acetate was studied in
reference 28, and drop lifetimes were measured at pressures
between 1 and 20 atmospheres. Lifetimes were found to be
very nearly proportional to the square of the initial drop
diameter for a given pressure and fuel, in agreement with
equation (40). Evaporation constants were not deter-
mined as such, but droplet. lifetimes were consistent with
evaporation constants of the order of 10X10-e square foot
per second (similar to those of tablesXXVII and ~).
With increasing pressure, volumetric burning rates in-
creased appro.simately with the fourth root of the pressure.

TABLE XXVH.-EVAPORATION CONSTANTS FOR
VARIOUS FUELS BURNING IN AIR

Evaporation constant, ~< ft~/sco

Fuel Experi-
mental C~alcd~$d Calcuktted’
(refs. 25 .
and 26)

Petroleum ether
(loo” to 120° C) ..- 10. 6x1O+ --------- -----..-

Kerosene ------------ 10.3 --------- --------
Diesel fuel ---------- &5 --------- ------.-
Ethyl alcohoL ------- &7 --------- & 6x10+
Benzene ------------ 10.4 10. 6x1O+ 9.6
Toluene ------------ b7.1 ---- 9.6
Eth lbenzene -------- 9.3 ----

2
9.2

0- ylene----------- g5 ---- S.9

lZ%@;GGel-i:::: :: ----
----

:+
Pseudocumene ------- “9.4 ----
n-But ylbenzene ------ “9.3 ---- :;
tert-Butylbenzene ---- &8 10.3
tcrt-Amylbenzene---- 8.4 ---- ::
n-Heptane ---------- 10.4 11.6 10.4
Isooctane ------------ 10.2 ---- 10.1

●Calculated ozins squation w) and a corrdlon kotor of O.TJ.
bE~rSmontal value Miewd to be b low.
.ExpalrnentalvrduobelIeti tobetoohisb.

TABLE XXVIIL-EVAPORATION CONSTANTS FOR
ISOOCTANE IN VARIOUS OXYGEN-NITROGEN
ATMOSPHERES (Ref. 19)

I I I
Oxygen in Evapm-ation

atmosphere, ~. constant, .%,
ftt/sec

17.0 11. 5X1O+
20.9 (air) 123
249 13.5
84.9 15.4

(The effect on maw burning rates may be somewhtt lCSS,
since the density of the fuel drop may be lower at higher
pressures because of higher drop surface temperatures.) It
was observed that at the higher pressures the distance be-
tween flame front and drop surface decreased, which might
be expected with a higher burning rate (see eq. (3Sa)). This
is probably a result of a decrease in film thickness under
natural convection at high prmure, as suggested by reference
30. In contrast, vaporization rates in the absence of com-
bustion decrease when pressure is raised (ref. 31).

In addition, reference 28 reports investigations of the
burning of free droplets (150 to 700 microns initinl dirun.)
in air at 1310° 1? and atmospheric pressure. In these
experiments, drops of uniform size produced by feeding
liquid fuel onto the center of a rotating disk were projected
into a furnace, and droplet lifetimes were recorded by means
of a drum camera. In this regime also, lifetimes were found
to be proportional to the square of the initial drop diameter;
it is not surprising that burning rat= were somewhat, fsster
at the higher temperature.

Equation (38a) has been used (ref. 29) to calculate evapor-
ation constants for benzene, &-butylbenzene, and n-heptane
combustion. The diameter of the burning surface was
evaluated from photographs, and allowance was made for
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estimated heat transfer by radiation. The assumed burning
temperature of 3100° F seems too low; calculations (refs. 1S
and 19, see fig. 219) would su=g+wt4300° F as a more reason-
able estimate. Results of Godsave’s calculations (ref. 29)
are shown in the third column of table XXVII; and, while
the agreement may in part be due to fortuitous choice of
T~, cp,~,and ~, the values are of the correct order of magg-
tude and suggest that Godsave’s equation (38a) is useful
for estimating hydrocarbon burning rates. Accordingly,
equation (3Sa) has been used ti calculate variations in
evaporation constants for the series of compounds investi-
gated by GodSave. Burning temperatures were estimated
by employing equation (34a) to convert variations in
h~lV,$ into equivalent variations in oxygen concentrations;
burning temperatnres could then be estimated from the
isooctone curve of reference 19. Mean heat capacities and
thermal conductivities were taken at 2200° F; the latter was
taken M the mean of the thermal conductivities of air and
the fuel. The position of the burning surface with respect
to the drop was taken from Godsave’s determinations (ref.
29). (For isooctane and ethyl alcohol, the value of n-
heptane was employed, since no measurements were made.)

Evaporation constants so calculated were found to be, on
the average, 26 percent l@her than experimental values;
therefore, they have been reduced by this amount and tab-
ulated in the last column of table XKVII. Reference 26
suggests that, unless otherwise indicated, the experimental
mwporation constants are precise to 10 percent; reduced
calculated values agree with the reliable values to within
this margin. Accuracy of this type of experiment may be
poor. Since the isooctane-air value of reference 19 is some
20 percent higher than that of reference 26, the 26-percent
correction factor does not prove that the calculations are in
error by this amount.

Evaporation constants for isooctsme combustion in the
absence of convection (Vu= m) were calculated in reference
19. The transport propertiw of air were assumed in the
BO region, and preferential diflusion among combustion
products was neglected. Figure 221 shows three curves
crdculated with the following assumptions:

(1) Thermal conductivi~ of isooctane in region between
drop rind burning surfaces; dissociation of products
(middle curve)

(2) Therm~ conducti~~ of ~ooct~e; no ~ociation
(top curve)

(3) Thermal conductivity of air; no dissociation (bottom
curve)

The e.sperimental determinations of referenpe 19 are also
plotted.

It must be noted that these calculations are for no convec-
tion. Equations (36) and (37) may be employed to calculate
the position of the burning surface with respect to the drop.
The result is

@= A+B (A2JoYAA@+B

Yc

\ -“,

For an isooctane drop burning in air in the absence of ecm-
vection, values of the integrals A and B (ref. 19) predict
YB/Y~=1S.5. On the other hand, for n-heptane, the meas-

urement (ref. 29) shows that V~/y.4s 3. (Because of convec-
tion, the burning surface is highly distorted from a spherical
shape; the value of ref. 29 must be regarded as a minimum,
see fig. 218.) With the same value assumed for isooctarm,
yA/yO= 0.3 (fiOm eq. (43)). Observed evaporation Constmts
should be dminished by 30 percent to yield values applicable
in the absence of convection (eq. (43)). Measured values so
reduced are also plotted in figure 221 to indicate. the rcmgo
for experimental constants in the absence of convection.

It appears, therefore, that the essential fmtures governing
the rate of combustion for single drops in quiescent air am
well understood. Uncertainties in the proper selection of
tiansport properties for the calculation, as well as espmi-
mental uncertainties, cause difficulties in drawing conclusions
from figure 221 on the relative merits of the various assump-
tions of reference 19. However, the calculation that con-
siders product dissociation seems preferable, since it presents
a more realistic picture of the state of combustion products,
pmticnkrly at higher temperatures. In general, burning
rates of hydrocarbons are very similar. Rates are increased
by factors tending to increase the burning temperature and
the thermal conductivity in the region between the flume ancl
drop surfaces. Decreases in latent heat of vaporization and
film thickness also cause increases in evaporation constant.

Combustion in airstreams.-The principal work on cmn-
bustion from liquid surfaces in moving airstremns has bem
conducted by Spalding (refs. 32 and 33), with spill-type burn-
ers in which the fuel (for most experiments, kerosene) was
circulated over the surface of the burner and collected. Both
vertical ilai%plate and spherical burners were employod (the
latter simulates a drop of liquid fuel). Variation of the fuel-
flow rate permitted variation in the amount of heat obsorbocl
by the fuel. The burners were of such a size that the effeot
of natural convection must be considered. Experiments on.
burning from spheres under forced convection were also
carried out (ref. 33).

I

1

I

I

I

I

I

Oxygen in oxygen-nitrogen otmsphere, volume @rmnt
\

FIGURE221.—C%mparison of oaloulated and experimental evqmra-
tion constants for isoootano drops (ref. 10).
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Spalding (refs. 33and 34)present% without ccnqplete deri-
vation the following equation in terms of dimensionless
groups for combustion from a vertical flat plate under laminar
natural convection:

(44)
where

mo,he

~=
~+c,(Tc–TJ

hl+hv

and mozis the weight of oxygen per unit weight of gas mixture
in the atmosphere.

Values of specific heat, density, thermal conductivity, and
viscosity to be employed are not speci.tied;however, for his
calculations, SpaMing used the room-temperature properties
of air, It might be noted that the group gb3P2/pzis a part
of the Grashof number. The function ~l(@Pr) is approxi-
mated by 0.769 in (1+~) when Pr=O.71 (air).

For forced convection horn a flat plate in a longitudinal
Imninar gas stream, the following formula is given:

(45)

For Pr=O.71, the function ~i(~~r) is approximated by
0,646 in (1+~).

It is stated that, in general, mass-transfer rates (burning
rates) can be predicted approximately from existing heat-
trtmsferdata by the relation

(46)

where H is the heat-transfer coefficient determined in an
experiment without combustion or mass transport.

Equation (46) is similar to equation (38a), which, when
based on a burning rate per unit area, yields

Q
Wf 1

f-4ryA9 [
“= in 1 i C“fgyp

1
(47)‘—=~~ yA(yB-y~

The term (Y~/yA)~~/@B-yd)] might be replaced by a heat-
transfer coefficient.

By introducing the burning temperature horn equation
(34a),

[

CP.JPC# he POP o

CP,J(TB—TA)= Km W,, ~+cF’l(Tc–Td) 1
llv+hl b+ht

(48)

since C9pD/Ks 1, and for air pO1n/P= maJ. Thus, the relation
between equations (46) and (47) may be seen.

Natural convection: Spaldin~s experimentson combustion

in natural convection employed a flat-plate burner 2.5
inches high and 2.08inches wide and a 1.5-inchdiameter
spherical burner. Upon variation of the fuel-flow rate over
the burner, the heat absorbed by the liquid could be as
high as 4000 Btn per pound of fuel burned. This permitted
a much wider variation of ho+hl than could be obtained
by burning single drops of fuals of diiferent heats of vaporiza-
tion and boiling.potits.

Data for both the plate and spherical burners were well
correlated by equation ‘(44). For combustion from a sphere,
the diameter was used as the characteristic dimension in
place of the plate height. SpaMing justifies this procedure
with the statement that heat-transfer data by natural con-
vection from plates, spheres, or cylinders are well correlated
by a single relation, so that the same might be expected
to hold true for combustion results. Most of the experi-
ments were on kerosene combustion, but data on gas oil,
gasoline, and heavy naphtha were predicted equally well by
equation (44). Equations (44) and (46) are considered
equally good for estimating burning rates by natural
convection.

Forced convection: For most of his experiments on forced
convection, Spalding employed a l-inch-diameter spherical
burner, with kerosene, gaao~e, ethyl alcohol, and b~ene
as fuels. Experimental burning rates were 10 to 15 percent
higher than theoretical for a flat-plate burner according to
equation (45), but were an equal amount lower than the
predictions of equation (46). Data were not as reproducible
S-Sresults on natural convection. A calculation based on
equation (46) gives an estimate of 5 milliseconds as the life-
time of a 100-micron jet-fuel droplet burning in a 400° 1?
airstremn when the velocity of the drop relative to the air-
stream is 50 feet per second. In the absence of convection,
the lifetime would be 12 milliseconds.

A more exact treatment of combustion from a flat plate in
forced convection is reported in reference 35, in which a
Prandtl number of 1 is assumed. The rmdts of this calcula-
tion appear to agree with experiment somewhat better than
equation (45) or (46).

During experiments on combustion from spheres in air-
streams, it was observed that at a critical air velocity the
leading half of the envelope flame surrounding the sphere wrLs
extinguished. Spalding attributes this extinction phenom-
enon to chemical limitations on the combustion rate. As
the air veloci~ is increased, the boundary layer becomes
thinner, and mass transport to the flame front ie increased.
Since chen@d reaction rates at the burning surface are
iinite, the reaction zone thickens and.its temperature falls.
Eventually, a point is reached at which the chemical renction
rate can no longer keep pace with the rate at which fuel and
oxygen are supplied to the burning zone, and the flame is
extinguished. Spakling conducted extinction experiments
under forced convection on spheres of varying diameter
(0.275 to 1.025 in.). It was predicted that at extinction the
air velocity (expressed in diam/see) and the distance of the
flame from the sphere surface on the upstream side should be
constant for spheres of varying diamet6r. This was found to
be tree, within 10 percent, for the 3.7-fold variation in
sphere diameter studied.
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Another method of studying combustion by convection is
that employed in reference 36, in -which fuel droplets (about
300 to 600 microns initial diam.) fall through a heated
furnace at their terminal velocities. Quantitative data on
evaporation in high-temperature atmospheres were obtained
by this technique, but only a few qualitative obsemations on
residues horn burning residual fuel-oil droplets are pre-
sented.

In general, Spalding’s equations appear to predict well
experimental burning rates under natural and forced convec-
tion. However, drop sizes encountered in fuel sprays are 3
or more orders of magnitude smaller than the spherical
burners used by Spalding, and no other quantitative data
on burning under convection are available. Therefore, it is
difiicult to assess the value of his equations for application to
the combustion of small droplets.

l’UZLSPRAYS.4NDMISTS

The mode of combustion of the droplets in a burning fuel
spray might be considered in terms of two extremes. In the
fit instance, the droplet may burn as a diflusion flame in the
local atmosphere surrounding it. In this event, its combus-
tion will be governed by the faclom considered in the pre-
ceding section. On the other hand, the droplet might evapo-
rate and mix by diflusion with the air in the preheat zone of
an established flame front. The burning of the spray would
in this case be determined by the same considerations that
apply to the combustion of gaseous fuel-air mixtures.

Theory of combustion.-The evaporation or burning of
liquid fuel sprays is examined theoretically in reference 37.
It is assumed there that the evaporation or burning rates of
individual drops are proportional to the drop diameters (as
observed eqerimentdly), that the evaporation constant is
the snme for all drops, and that all drops have the same
available time for burning. The. fuel spray drop-size dis-
tribution is represented by the Rosin-Rammler relation

G, 9
().—

A
L&=t?

(49)

where Ld,is the volume or weight fraction of the spray com-
posed of drops greater in diameter than da,. The constants
A and 9 me known as the size and distribution constants,
respectively. The more uniform the drop size, the higher the
value of ~; if all drops were of the same size, ~ would be
tinite. ID practice, it has been found that atomizing
nozzles give sprays having values of ~ between and 2 and 4.
Mean diameters that determine the evaporation rate of the
injected spray and of the spray in steady-state burning
(where injection and evaporation rates are equal) have been
evaluated. The specific volume in steady burning, which
is the -rolume of unevaporated fuel divided by the volume of
fuel introduced per second, has also been calculated.

Incomplete evapomtion of the spray for limited evap-
orative time was considered. The results are shown in figure
222, where the fraction of the spray unevaporated is plotted
against ~Et/Aafor sprays in which the distribution constant
is 2, 3, or 4. The dashed line illustrat~ the behavior of a
single fuel droplet, or a spray in which all drops are the same
size (~= co). NTotethat in the early stages sprays of low
distribution constant ~ evaporate most rapidly (since more

L
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~
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z
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FIGURE 222.—E~’apration of fuel spray (ref. 37),

small droplets are present). Later, however, sprays of
uniform size distribution (large @ are favored, since they
have fewer large drops (which evaporate more slowly). In
general, it was concluded (ref. 37) that the size constant A is
the most important factor in determining the evaporation or
burning rate of sprays. The distribution constant has o much
smaller effect, although a large value of ~ favors more com-
plete evaporation, despite the fact that the initial evaporation
rate of the injected spray will be lower. In appendk 0 of
reference 19, the relations of reference 37 were applied to u
fuel spray burning in a duct where heat release clumges
the average velocity along the duct. In this manner, the
tiuthor calculated what the effect of evaporation rate on
combustion efficiency should be.

The foregoing considerations are applicable if the burning
of a fuel spray may be represented as an integration of the
burning of single drops.

Experimental observation,—The observations of reference
38 on a kerosene spray burning in still air give some informa-
tion as to the reamer in which the fuel droplets are consumed,
It was observed that a flame front was established about
1 inch from the spray nozzle. As indicated in calculations,
at this point small drops (size of the order of 10 microns)
were at rest with respect to the airstream, which was moving
with a velocity of about 0.7 to 1.0 foot per second (com-
patible with normal burning velocities). It was concluded
that, in the period of about 0.1 second that the small drops
spent in transit from the nozzle to the flame front (for larger
drops, this time was even shorter), very little evaporation
was possible. With the preheat zone of the kerosene flame
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assumed to ba approximately 0.1 inch thick, calculations on
heat transfer to small drops indicated that this thiclmesswas
sufficient to allow evaporation and mixing with air in the
preheat zone. Larger drops (size of the order of 100 microns)
could pass through the flame front without being com-
pletely vaporized.

Some confirmation for this analysis was provided by
observations on kerosene droplets in the approach streams
of plfernkedBunsen flames. For a butane-air flame, droplets
(sizes 9 to 30 microns) dieappeared before reaching the lumi-
nous inner cone of the flame. However, when an acetylene-
nir flame was used, conditions for vaporization were not as
favorable, because of a narrower preheat zone and higher
gas-stream velocity. Some droplets escaped evaporation
in the preheat zone; large droplets (of the order of 80 microns)
completed evaporation defin.itely above the inner cone.

Limits of flammability: Flammability limits for mists
rmd sprays have been discussed in chapter HI. Fine fuel
mists behave like fuel-vapor-air mixtures. Thus, when
drop sizes are of the order of 10 m“crone or less, lean limits
for mists occur at the same fuel-air ratios as vapors. Like-
wise, the minimum oxygen concentration nece9sary for
combustion in an oxygen-nitrogen atmosphere is approxi-
mately 12 percent for both vapors and line mists.

As drop sizes are increased, lean limits and minimum
osygen requirements decrease, according to reference 39
(aerosols of tetrrdk with drop sizes in the range of 7 to 55
microns). The appearance of the flames also varies with
drop size (ref. 39). Fiine mists give blue flames similar to
vmpor-air mixdmres. For larger drops, diilusion flames sur-
round the individual droplets. These results are in agree-
ment with the observations of reference 38.

Rate of flame propagation: Spatial flame speeds were
cletennined (ref. 40) for condensed mists and the equivalent
vapor mbituree, and the results are presented in table ~.
Although flame speeds for vapors were higher, the experi-
ments on vapors were conducted at higher temperatures.
Therefore, mist flame speeds were increased to values that
might be rmticipated at the vapor experiment temperature,
with the flame speed aamuned to increase as the 1.4 power
of the absolute. temperature, as for isooctane (ref. 22).
These corrected mist flame speeds (table 2CIlX) have in
most instantes the same values as vapor. It should be
noted that some of the spatial flame speeds are quite
large, suggesting that the propagating flames were not lam-
irmr. Presumably, conditions were the same in both mist

and vapor mixtures, so that the comparison is still permis-
sible.

Burning velocities of kerosene mists (average drop diam.
0.5 to 1 micron) are similar to those of propane-air mixtures,
according to reference 41. This again suggests that, for
line mists, drops evaporate and nix with air in the preheat
zone of the flame. Blowoff curves for mists showed wider
and richer stability limits than those for propane flames
(see ch. VI, @. 180). Presumably this is due to the fact
that in order to stabilize a Bunsen flame a combustible vapor-
air mixture Must be present just above the burner rim.
For lean mixtures, propane can more readily supply the
necessary fuel vapor to this zone. On the other hand, at
rich blowoff, fuel vapor is in mces. Accordingly, mists
are stable at richer fuel concentrations, since some of the
excess fuel is not vaporbed; gas-phase fuel-air ratios are
correspondingly lower.

Data of reference 39 yield clues as to the effect of drop
size on burning velocity. ~feasurements for large drop
sizes were rather uncertain, but it seems that burning ve-
locity increases with increasing drop size.

k conclusion, flammability limits and flame velocities for
mists and sprays (drop diam. of 10 microns or less) corre-
spond closely to those of vaporized fuel-air mixtures. This
result is compatible with the idea that small droplets can
vaporize and mix with air in the preheat zone of an estab-
lished flame front. Both lean and rich blowoff limits for
mists occur at higher fuel concentrations than for fuel
vapor-air mixtures.

Larger drops burn surrounded by diffusion flames. Lean
limits decrease and apparent flame velocities inorease with
increasing drop size in the range of 10 to 50 microns. Flames
appear to propagate in a particulate fashion; that is, the
flame surrounding a burning drop ignites an adjacent drop
and in this manner progresses from burning into unburned
mixture.
APPLICABILITY OF RESEARCH DATA ON DIFFUSION FLAMES

TO JET-ENGINE COMBUSTOR DESIGN

In this chapter, the present status of knowledge of the
burning of gaseous and liquid fuels as hsion flames is
reviewed. For simple systems (simple fuel jets or single
drops of liquid fuels), combustion properties may be quite
successfully predicted from mixing rates; chemical reaction
rates are not considered. Mixing rates are, in turn, deter-
mined by mass- and heai%ransport processes. Current
understanding of the burning of complex gas jets and fuel

TABLE XXIX-SPATIAL FLAME SPEEDS OF MIST AND VAPOR (Ref. 40)
I I I I

I Fuel
I
I

Fuel-air
ratio

I ———— I
~ Petroleum (180° to 220° C)----------- 0.044

.061

.072

[ Tctralin---------------------------- 0.040
.080

Mist Vapor hlist flame
speed oor-

Fuel as Tempera- Flame

4

reoted to
Tempera- Flame tempemture

vapor, ture,
?%/%; ‘?

speed,
percent “F

of vapor Lx-
ft/f3eo periment,

ft/seo

34 75 3.6 140 4.3
30 93

42
16 140

33 99 19 140 ;; !??

“6 23 212 2.6 3.1
‘3 1% 3.6 212 6.2 45

. Cnkuhtedfrom eshmkd fud vwx pressure.
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sprays is far less complete. Fine fuel sprays and mists
appear to be simiku-to premixed fuel-air systems, while for
comer sprays behavior intermediate between that of
diifusion and premixed flames might be expected. The
application of the data of this ohapter to combustor per-
formance is therefore somewhat limited. Another limi-
tation exists because of the high heat-release rates required
by aircraft combustion systems. The high velocities may
result in conditions that more nearly approach the extinction
regions of the flamea where chemical reaction rates appear
to be important. The extinction of difEnsion flames has
received somewhat less attention than normal burning and
appeara to be a fitful area for research.
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CHAPTER VIII

OSCILLATIONS IN COMBUSTORS

By PEREY L. Buczsm~ JR., and WAEEEND. RAYLE

INTRODUC’lTON

High-performance jet-engine combustors designed for
steady-flow operations frequently and sometimes unexpect-
edly exhibit periodic flow oscillations, which me usually
audible. The frequencies of these sounds range from ~e
20- to 30-cps buzz of a ramjet engine to the 1000-to 3000-cPs
screech of a high-performance afterburner. Some type of
combustion oscillation may occur at any point within the
engine operating range. These combustion oscillations are
accompanied by excursions in pressure and velocity within
the combustion chamber. Some observem report beneficial
effects due to these velocity and prqssure excursions evi-
denced by a noticeable increase in the combustion efficiency
within the combustor. Still more observers report deleterious
effects, such M a restricted range of operating conditions or
the actual destruction of combustor component parts.

Some modes of combustor oscillation exhibit pressure and
velocity perturbations that can be described by solutions of
the wave equation for an idealized, homogeneous, stationary
medium in an enclosure having the dimensions of the com-
buster. Other oscillations, where the implied wavelength is
long comprwed with the dimension of the enclosure, can
better be described by use of n lumped-constant analysis,
analogous to the treatment given the Hehnholtz resonator.
In these analyses, the wave and the enclosure are the primary
elements; the flame and the flow processes are given cursory
treatment. There are types of combustor oscillation,
howover, where such treatment does not adequately describe
the phenomena, but where the cornlmstm components must
be considered. Examples of such oscillations might include
those involving aeolian tones, modulation of fuel flow or
fuel distribution, and recurrent detonation.

Regardless of the system employed to describe the prmsme
rmd velocity distribution within the engine, a few general
remarks may be made concerning the importance of the
flame and the flowing stream in maintaining the osctiation.
Any oscillation, whatever its nature, requires a source of
energy for its continued existence. Two sources of energy
are available in the combustor: (1) the kinetic energy in
tho flowing gas, and (2) the chemical energy released
in the combustion process Of these two sources, the
chemical energy is far greater. However, this energy
csm only be made available to drive the oscillation
through a time-varying work cycle, while the kinetic energy
is immediately available for driving the oscillation by means
of any of a number of thermodpamic or aerodynamic
processes that alternately store and rele~e this energy.

The interaction of the combustion and flow processes
within the oscillatory system is complex. The flame zone
is not anchored spatially but can move with and be disturbed
by the oscillating gas. Meanwhile, the local reaction rates
within this mobile zone vary in some manner with the
time-varying pressures and temperatures. These local
rate variations act as sources of acoustic ~aves whose com-
bined effect is to drive tie oscillation.

In this chapter, the analyses that have been found useful
in identifying modes of combustor oscillation are summarized.
The manner in which departure from the assumed ideal
condition affects mode identification is discussed, and
methods whereby an identified mode may be controlled or
eliminated are suggested. An effort is made to formulate
a coherent picture of the interaction between the oscillation
and the combustion and flow processes in an engine on the
basis of the little that is known about suchinteractions.

SYMBOLS

The follotig symbols are used in this chapter:

A
a
d.
9

f
/’
Jt
&, K,,
K,, Ka }
k
1
M
mza
mzd
n,nZ
P
Q
!z
r
Tr,m
AT~
t

u
u,
u.
u

Wdt

cross-sectional area, sq ft
sonic velocity, ftlsec
rod diameter, ft
function of viscosity, distance, and initial stream

momentum
fuel-air ratio
frequency, cps or See-l
Bessel function of fit kind of order ~

constants

constant of integration
length, ft
flow-Mach number
mass of gas in combustion chamber, slugs
mas9 of oscillating ga9 in diffuser, slugs
indices
pressure
mean heataelease rate
perturbation heat-release rate
radius or radial distance, ft
mean temperature of gas entering combustor
temperature rise across combustor
time, sec
velocity, ft/sec
vdocity of signal in loop segment, ft/sec
mean velocity approaching flameholder, ft/sec
perturbation velocity, ft/sec
duct width, ft
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total mass floTv(mean), slugs/see
mass-flow rate (mean) of gas through oscillatory

area at diffuser outlet, slugs/see
distance from igniter to injector, ft
distance perpendicular to direction of flow
axial distanca, ft
constant (see table ~)
ratio of specific heats
index
t~genti~ digt~~, mdians
densities of gas before and after combustion
function of viscosity, distance, and initial stream

momentum
constants
frequency, radians/see

Subscripts:
B combustor, combustion chamber
e enclosure
i loop segment
-in difluser inlet
m mean
max masimum
out ditluser outlet
P perturbation
8 stream
t total

N1ODESOF OSCILLATION
THEBURNERASA EMONANT ROOM

In ahnost ever-y case of burner resonance encountered in
practice, a portion of the engine containing the fuel in re-
action can be assumed separated from the rest of the uni-
verse by some acoustic barrier. The resulting enclosure can
be treated as a resonant room having certain peculiar
acoustic properties. For example, the space between the
compressor and the turbine in a turbojet constitutes such a
room. In a similar manner, the space between the inIet dif-
fuser and the exhaust nozzle of a ramjet constitutes such a
room. The theoretical treatment delineating the modes of
resonance possible in a room of a given geometry is available
in a number of standard acoustic texts (refs. 1, 2, and others).
The rather concise breakdown of the application of these
acoustic treatments to a rocket engine given in reference 3
serves as a basis for the following discussion.

The general solution to the wave equation for a cylin-

drical room closed at both ends with rigid, nondissipative
vmllsis

1
K, COS(~(%&@) (1)

A mode of oscillation then can be obtained by giving the
constants ~, n, and n. intead values. Since the wave equa-
tion is linear, a combination of different modes may exist
simultaneoualy. The frequency (cps) for any mode of
oscillation in the cylindrical room is given by the formula

(2)

LO .9 .8 .6 .4 .2 0 -.2 -.4 -.6 -.8 -.9 -1.0

Pressure

10

@

9 Pressure

.s

.6

0:
-.2
-.4
-. 6’
-. 8
-. 9

-1.0
( b)

(a) Fimt longitudinal mode &=n=O; n,= 1).
(b) First transverse mode (n=n,=O; p=l).

(c) First radial mode ~=nc=O; n=]).

FIGURE223.—Pressure oontoum and pafilcle motions for fundamental
modes of cylindrical duct (ref. 6).

It is of interest to consider three of tho simplest modes
possible in the cylindrhxd room. If f=n=O, the mode is
the purely longitudinal organ-pipe type of oscillation. I?or
~=n~=o,. the mode of oscillation is purely radial with the
gas oscillating back and forth from wall to center of tlm
cylinder uniformly along the length of the cylindrical room.
For n=n==O, the mode is a purely trmsverso osci.lhtion
where for ~= 1 the gas sloshes back and forth across rLdi-
ameter, again uniformly along the length of the cylindrical
room. Sketches of the pressure distribution and particle
motion for these three simplest cases are given in figure 223,
The higher modes of oscillation possible can be computed
from equations (1) and (2) with the help of the values of
ar.~given in table XXX for the first several modes of trrms-

TARLE ~m.—VALUE3 OF ar.. FOR THE LOWER RADIAL...-
TRANSVERSE, AND COMPOUND MOD~

I I

11 Values of a for n of
Is I

1- 01--d2 -4-J-
0 0.0000 1.2197 2.2331 3.2383 4.2411

5861 1.6970 2.7140 3.7261
; :9722 2.1346

: ;;;:
3.1734 4.1923

1.3373 2.5513 3.6116 $ :;3;
2 1.6926

$ ;;g
2. %47 4.0368 .
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veme and radial oscillations for which n. may or may not be
equal to zero.

A similar treatment may be given the rmnularroom (ref.
3) and the rectrmguktrroom (refs. 1 and 2). Reference 3
points out the fact, usually omitted by standard acoustic
texts, that the transvene mode of oscillation may occur as a
traveling wave as well as a standiqg wave. The pressure
distribution for the traveling wave is obtained from equa-
tion (1) by taking K1=O, Kz#o; or Kl#O, K~=O. Figure
!224gives a comparison of the pressure and particle-motion
distribution of standing and traveling waves for the first
transverse mode.

On the basis of the preceding discussion, it is now of in-
tcrest to consider the methods whereby such modes of oscil-
lation may be experimentally identified. If the modes
acLually correspond to the simple solutions of the cylin-
drical-wave equation as discussed herein, for n purely trans-
verse mode, the pressure would undergo a maximum excur-
sion near the vmll and go through zero excursion at the
centerline of the duct. The pressure on opposite sides of the
burner wouId be out of phase.for odd transverse modes and
in phase for even transverse modes.

If the transverse mode were n standing wave, the oscilla-
tory pressure about a circumference would reach a mrmi-
mum at the nodal point, vanish at an antinodal point, and
so forth, On either side of the antinodal line, the pressure
oscillation would everywhere be in phase. If the transverse
mode were a traveling vmve, the amplitude about the cir-
cumference wouId be everywhere the same, and the phase
difference between two points of circumference would be an
integral multiple of their angular displacement. A radial
wave would have the pressure distribution shown in figure
223(c). The phasing would be such that the pressure at the
center of the duct would be 180° out of phase with the pres-
sure at the wall for odd modes and in phase for even modes.

In both the transverse and radial modes, there’would be no
change in pressureand phase along the ask of the cylindrical
room, In the purely longitudinal mode, however, there
should be no change in amplitude or phase across the diam-
eter or around the periphery, whereas there ~ould be a
change in amplitude along the axis and a 180° shift in phase
every time an antinodal plane was crowed. In selecting a
reliable characteristic for the identifimtion of a mode, the
effects of departure from the assumed ideal homogeneous
stationary medium should be considered.

The presence of steady flow through the burner would
probably have its greatest effect on the longitudinal reso-
nance. Strong velocity gradients might occur in a radial
direction. These would tend to diffract longitudinal waves
and concentrate their energy in the region of low effective
sound speed.

Temperature gradients would tend to ailect ahnost all
the modes of oscillation. For marnple, reference 4 gives a
theoretical effect of an assumed temperature distribution
upon the iirst transverse mode of oscillation in a cylindrical
duct. Reference 5 discussesthe effect of a sharp temperature
discontinuity upon longitudinal oscillation. Reference 6
gives rm experimental demonstration of the effect of sharp

temperature gradients on the first transverse mode of oscil-
lation in a cylindrical duct. The discussions in references
4 and 6 indicate that, where the gas in one section of a
cylindrical duct is executing a uniformly transverse motion,
at a temperature gradient there will be phase shifts and a
propagation of the oscillatory motion in the longitudinal
direction. Therefore, although the wave-equation solution
for a transverse standing wave may adequately describd
the transverse gas motion, there will be a longitudinal
component of the gas motion in the pressure-propagation
direction. Thus, it would seem that the only possible con-
fusion that could be caused by neglect of velocity and tem-
perature .tients would lie in the identification of a lon-
gitudinal mode by a longitudinal pressure su.rkey. Usually,
consideration of the frequency alone leads to a rather wide
choice of possible modes of oscillation, since sound speed
is rarely lmown accurately.

In burner oscillations, amplitudes are reached that far
esceed the values commonly referred to as infinitesimal, for
which the wave equation in its linear form applies. Refer-
ence 6 shows that for these high-amplitude waves almost
any wave form tends toward the saw-tooth wave form be-
cause of the diilering acoustic veloci~ in the compressed
and rarefied gas. This tendency toward smv-tooth form
would not newssarily change the frequency of oscillation,
since, m-en for waves of as much as 2 atmospheres peidc-to-
peak amplitude, the apparent propagation rate of a ti of
waves do~ not d.ifterappreciably from sound speed. There
would be an effect, however, in that the waves constituting
either a standing- or traveling-wave oscillation would be
asymmetrical. A very simple way of demonstrating this
effect is by considering equation (1) for the case where
~=n=O. Since a sum of solutions of the form thus obtained
is also a solution of the wave equation, an equation describi-
ng a standing-wave system composed of saw-tooth waves
may be derived:

~= ~ (_)fl=+IK nztrz nzm-d~ Cos—
16

Cos—
18

(3)
*.-1 z

The rather unusual properties exhibited by this standing-
wave system include an amplitude at the antinode of hrdf
the value at the node; the frequency of the oscillation
measured at this point appears to be doubled. Similarly,
the phase obtained by measuring the time between pressure
peaks will difler from point to point in the region between
a node and antinode when the wave is saw-toothed and will
vanish when the wave is sinusoidal.

This same treatment cannot be applied directly to the
transverse modes, since higher harmonics are not multiples
of the fundamentals. In referenm 4 both transveme and
plane waves of iinite amplitude were investigated by re-
ttig second~rder terms in the wave equation. As in
reference 2, plane waves of finite amplitude were found to
be nonpermanent; that is, the effect of finite amplitude is
to encourage a distortion that changes with time. In con-
trast, the spinning transverse mode in a cylindrical duct
was found to possess a permaneDt wave form that included
harmonic distortion. Pairs of such spiniiing wavm could
yield a pressure distribution about the circumference similar
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FIG~ 22&—Dietibution of p~e and velocity for standing and traveling transverse waves through half a oyolc.

to the pressure distribution alo~m the axis for the plane case In practice, a rather careful study must be made to ascer-

previomly mentioned. In both cases a mode could be tain amplitude and frequency distribution about a circum-

identified readily by measuring the intensity distribution ference in order to distinguishbetween standing and tmvoling

of the fundamental about the walls of the duct. transverse waves. However, the primary aim of modo
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Identification is to give a clue to the bat manner in which
clampingmay be np~lied; therefore, a rigorous determination
as to whether a transverse mode is traveling or standing is
not important, since the damping of both waves would be
tho same.

THEBURNER.4SAHZLMHOLTZRZSONATOR

Both rnmjet engines and turbojet afterburners ordinarily
include a subsonic ditluser of smaller cross section than the
combustion chamber. This geometry is analogous to “that
of the Hehnholtz resonator. A mode of resonance should
then be possible wherein the gas in the difluser oscillates
back and forth and that in the combustion chamber under-
goes pressure fluctuations. Such a mode of resonance would
be less probable in the afterburner, since the pressure drop
across the turbine ensures a nearly constant flow of gas into
the afterburner.

Like any other form of oscillation, the Helmholtz type re-
quires that energy be available to sustain it. In the ramjet
engine, there are three mechanisms by which the available
energy may be applied. The most obvious one is that
depending on a time-wmying heat-release rate within the
combustor. Another relies on a variable pressue recovery
of the supe~onic ditluser, thus using the kinetic energy of
the incoming air to drive the oscillation. Still a third
might employ a time-wwying temperature or temperature
profile at the exhaust nozzle; this would not necessarily imply
a varying heat-release rate for the whole combustor.

The effectiveness of varying heat release as a driving
mechanism mn be easily analyzed. Assume fit that the
diffuser is of constant area and has a pressure recovery
independent of mass flow. Let the temperature rise across
the combustion zone be constant; the heat-release variation
is produced by variation of mass flow through the (non-
stationary) combustion zone. Assume a choked exhaust
nozzle and neglect the pressure drop in the combustion
chamber. Then, if the density of the hot gas is

T
“=P” T=mFAT.

(4)

the linear differential equation for the gas motion is found
to contain the damping term:

[

7— 1~ (2AT~+T&m)+AT.—
(M3’ATN ‘5)

For maximum instability, g is assumed to be in phase with
Pp,B. Instability resuh, then, only if

(6)

It is readily seen that, for realistic valuw of AT=, the criterion
becomes nearly

~m>l
QPP, B

The case of Hehnholtz oscillation
diffuser pressure recovery is treated

(7)

driven by a variable
by reference 7. For

isothermal flow, a difhrential equation is derived to describe
the gas motion. It may be written as

(s)

where

K,= ‘c BmP,d
A (8u)w~U*W~,E tz

(Se)

The frequency of oscillation (see-l) may then be espressed as

(9)

where p~,B is in pounds per square foot absolute. The
system is seen to be oscillatory if the quantity K2 is less than
zero. The theoretical frequencies and stabili~ regions are
reported in reference 7 to agree reasonably well with experi-
mental values

When heat is added in the combustion chamber, the
analysis becomes more complex In this case, reference 7
aemunes a constant rate’ of heat release. This part of the
investigation, then, includes oscillations driven by a time-
varying temperature profde at the exhaust nozzle and by a
variable diifuser pressure recovery. The effect of heat
addition is to further reduce the region of stable operation
for a given cordiguration. A typical result is presented
in figure 225 (ref. 7). This iigure shows stability regions
computed for isothermal as well as combustion conditions.
The oscillation frequencies predicted were found in reference
7 to be considerably lower than those observed. The
observed ilequencies were sufficiently high that the possi-
bility of standing-wave resonance should be considered.

i , i
Combustion experiments
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Fmmm 226.—Theoretioal and experimental stability conditions of
I&inch ramjet using gaeoline as fuel. Free-stream hfaah number,
1.77 (ref. 7).
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The third factor by which Q HehnhoMz oscillation may
be driven is a variable exhaust temperature. Since the
eslmust is usually choked, an incrense in gas temperature
produces a decrease in mass flow. The analysk’of reference
7 does not deal with this effect alone. However, since
the heat-release rate is assumed constant, the variation
in exhaust temperature with mass flow can be considered
to account for the decreased stability accompanying corn-.
bustion (fig. 225).

In tha actual engine, the stability depends on all three
factors. Potential instabili~ with respect to one may be
overcome by the effects of the others. The analyses avail-
able are necessarily simp~ed, a mathematically rigorous
treatment being impossible for a real engine. The stability
criteria should nevertheless be indicative.

Departures from the idealized condition affect both the
actual stability region and the actual frequenciw. The
effect of through-flow is included in the analyses; the effects
of finite sound level, spatial temperature gradients, and non-
linear performance of exhaust and difFuserhave not been
completely discu~ed. VTlthrespect to the stability criteria,
the ultimate amplitude of the oscillation is probably not
important. The criteria merely state that under certain
conditions infinitesimal disturbances will be amplified. It
is possible that additional instability will result from finite
disturbances, or triggers; the effect of flow disturbance on
heat release cmmot be expected to remain limmr at high
amplitude.

To prevent the Hehnholtz-@pe oscillation, the driving
forces must be reduced or opposed. The driving force due
to varying diffuser pressure recovery can be reversed by
using a diffuser with an appropriate characteristic, that is,
a diffuser whose pressure recovery decreases as the mass
flow increases. The driving due to varying heat release can
be reduced or reversed by (1) reducing the sensitivity of the
combustion process to velocity or pressure fluctuations, and
(2) bringing any residual perturbations as far as possible
out of phase with the burner pressure. The driving by
vrwying e.xlmusttemperature can be altered by (1) making
the e-shausttemperature insensitive to velocity and pressure
fluctuations, and (2) controlling the residence time of the
hot gas and hence the phasing of the reflected pressure.

According to reference 7, the least oscillation should be
found for a configuration employing a long diiluser and a
small combustion-chamber volume. The reduction of the
sensitivity of the combustion process might result from
(1) removing the flameholder from the high-velocity per-
turbation region, and (2) using a fuel whose reaction rate is
little affected by variation of pressure and temperature.

Control by viscous damping seems impractical, though
theoretically a large friction loss in the dithser would be
eiTective. Another theoretical possibility would be to con-
trive a pressure-sensitive exhaust nozzle whose effective
area would increase with pressure.

SYSTEMSOFOSCULATIONWITliNONACOU911CELEMENTS

Two types of oscillations that occur in burners and can
be ampliiied in a burner cavity are discussed in reference 8.
The first is vortm shedding from cylindrical rods. The

frequency of vortex shedding from a cylindrical rod is
@wn as

/=o.ls5~ (lo)

Reference 8 found that the vortex shedding occurred with
or without a residual flame burning in the rod wake, tlm
frequency in both cases being quite close to the valuo crd-
culated by equation (10).

Reference 9 shows that it is possible to excite vor~ex
shedding where the flame is an attached fully developed
V-flame in the wake of the flameholder, although the fre-
quency in this case is about twice that given by equmtion(10).

When the frequency of vorte.. shedding coincides with
the frequency of the supported cylindrical rod, the ensuing
vibration is greatly amplitied. This is the source of tlm
musical note in the aeolian harp and is given a rather general
investigation by Strouhal (discussed in ref. 2).

The second type of periodic disturbance clue to unstablo
flows cited in reference 8 is rm oscillation with a frequmcy
allied with the flow velocity but not dependent upon flwme-
holder dimension or duct length. This form of disturbance
is probably due to the unstable shear region generated by
aflame in a duct (ref. 10). In reference 9, a stability analysis
of Scurlock’s flow (ref. 10) was made, and it was founcl that
the frequency (see-l) a flame would amplify most was

/’=% (110)

In & experimental check on this result, reference 9 shows
an anchored V-flame to be most sensitive to an imposml
disturbance with freque~cy

/’=2$ (llb)

The results of reference 8 give frequency more nearly oqurd
to

(lIC)

The main point in all of this is to show that a frequency
sensitivity exists for a flame anchored in a duct thnt could,
-when tuned to a resonant frequency of the bunmr covity,
axcite a high-amplitude oscillation.

Another form of oscillation involving nonacoustic elements
is discussed in reference 11. A flow disturbance in tho com-
bustion chamber created a pr-ure pulse that traveled
upstream and modulated the rate of fuel flow from a fuel
injector. The modulated fuel-air mkture then traveled
downstream at stream velocity, arrived at the combustion
chamber, caused a change in pressure in the combustion
chamber, and sent a corresponding pressure pulse upstream
to repeat the cycle. The frequency of oscillation for this
type of nonacoustic vibration is given as

(12)

where a is 1280 feet per second. Also discpssed in reference
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11 is n type of oscillation involving recurrent detonation
originating in the boundary layer of a duct filled with a
combustible mixture. The frequency of this type of oscil-
lation can be determined from equations (1) and (2) of
reference 11.

All these types of oscillations would be ailected by the
acoustic damping discussed previously; however, special
tretitment may be given these types of oscillations. For
example, the physical structure of the offending strut can be
modified either in its rigidity or in its size and location so
that its natural frequencies diiTer from the excitable fre-
quencies of the burner enclosure. l’or the second type of
oscillation, the injection pressure can be increased to render
the fuel-injection system relatively insensitive to small
fluctuations in the combustor presara. The oscillation
involving recurrent detonation was controlled in reference
11 by the injection of chain-breaking additives in the bound-
ary layer of the combustion chamber immediately down-
stream of the flameholder.

Reference 12 uses a quasi-one-dimensional plane-wave
theory to express pressure-time relations in a buzzing ram-
jet. This isothermal pulsation is assumed to be triggered
by flow separation in the diffuser. The consequent momen-
tary reduction in mass flow is accompanied by a shift in
the location of the normal shock and by pressure and rare-
fnction waves that propagate into the combustor. These
waves are reflected back and forth between the exhaust and
the diffuser M the engine pressure slowly regains its original
value. Then the cycle repeats.

The characteristic of this type of instability is the non-
sinusoidnl nature of the perturbation of the inlet mass flow.
11’oras much as 70 percent of the cycle this flow is constant.
At any station in the combustion chamber, the pressure tit
undergoes a sharp decrease, then climbs slowly back to its
original value, at the same time being modnlat ed by the
reechoing pressure-rare friction couplets. Various predicted
pressure-time curves are shown by reference 12 to correspond
amazingly well with experimental ones (fig. 226).

This type of pulsation is not combustion-driven. It is of
interest as a representative of nonsinusoidal vibration sys-
tems, anrdogous to the electronic rehmation oscillator. These
systems differ from the sinusoidal oscillators in that not even
an infinitesimal disturbance is nceded to start the cycle.

INTERACTIONS
RLEhlENmDISTURBEDBYV~OCITYANDPRWURE OSCILLATIONS

The nature of steady flow through cMfusels, around ob-
structions, through perforated liners, ond particularly
through the flame zone is poorly understood. Any attempt to
describe processes that occur when pressure and velocity
oscillation are superimposed on the steady flow may appear
presumptuous. The fact remains, however, that in the com-
bustor real oscillations do exist. Even though discussing
the effects of these oscillations on the processes that take
place in a combustor may be considered sheer speculation,
it is felt that to speculate is potentially more profitable than
to ignore.

There are a number of possible effects that combustor
oscillations may hav~ on the boundary layers esisting in the
various component parts of the burner. Some of the effects
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FIGUWJ 226.-The+w4ioal and experimental preemuw traces for a

simulated 34-inch-long ramjet, 3 cycles after onset of ditluser buzz
without burning (ref. 12).

can be extremely violent, such as the increase in heat-
transfer rate to the outer shell during screeching burning. A
poesible explanation for this effect is given in reference 3,
which states that the velocity of the gas adjacent to the wall
is increased during screech by means of the transverse mode
of oscillation.

There is no clear-cut demonstration of the effect of oscilla-
tions on the over-all buildup and separation of a boundary
layer on a straight wall. In some theoretical studies of
boundary-layer growth, the amplification of disturbances of a
sinusoidal nature has been considered as a possible explana-
tion for the transition from a ltiar to a turbulent boundary
layer (ref. 13). Since, in most cases, the boundary layer in
the combustion chamber will already be turbulent, the possi-
ble intermittent separation and attachment of a boundary-
layer should be considered. The synchronizing of the shed-
ding of a bound vortex on a rod with duct oscillations has
already been cited. Reference 10 states that, when a flame
is seated on the rod, the ~ortices no longer shed but become
bound and, in most cases, symmetric. The literature is not
in unanimous aggeement on this point. Reference 14 indi-
cates that, near blowout, vortex shedding with combustion
does occur. with combustor oscillations, there certainly
seems to be evidence of something resembling vortex shedding
in the wake of a flameholder, as can be seen from the excellent
schlieren photo.~phs of a simnlat ed ~j et flame during
screech in reference 15.

Of general interest regarding the influence of flow fluctua-
tions on a vortm train in the wake of a cylinder with and
without combustion is reference 16. Here, the following
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veloci~ profle is examined for neutral stabili~:

U=fi sech’ (@y) (13)

Equation (13) was found (ref. 17) to represent proiiles of
mixing plane jets and wakes. It was found that the dis-
turbance vortices (for nns-ymmetric disturbances) formed
two trains a distanca h apart, alternately dined as in the
K&rm6n vortex street. The relation between h and the
distance k between vortices in a single train is given in
reference 16 m

whereas, for the lWm6n street,

or the two agree if

Site vortex occurrence in wakes is possibly connected to
the stability of a mean wake profile, the problem can be
further simpliie~ by an approximation of the proiile with
a broken-line V-profile ~ (ref. 9) and a study of the
effect of density variations. It is found that the wave-
length of the neutral duturbance of the V-proiile is the
same as for equation (13) when the V is of comparable

width, and that reducing the density of the wake gases lms
a stabilizing influence, but does not render the profile com-
pletely stable, at wavelengths large compamd with the
profile width. This is in qualitative agreement with the
data of reference 10. The interaction, then, is this: Acoustic
oscillations supply the initial amplitude to a flow disturbance
in a wake, which subsequently grows, decays, or romaine
unchanged, depenchg on the wavelength of the disturbance.

In reference 18 the formation of the vortices was considmecl
the key part in the driving of a transverse oscillation. It was
argued that the vortex zone represented a zone of unusually
intense mixing. The cycle of events was as follows:

(1)
(2)

(3)
(4)

Vortex formation at the flameholder
Intense mixing of hot exhaust products with com-
bustible gases in the vortex
An ignition delay
A rapid burning of the rnked vortex charge phased so
as to drive the oscillation.

Although the evidence presented to support the model is
far from conclusive, it points to a kind of interaction that
might admit to control by chemical rind/or physicnl means.

In reference 5, a study was made of the superimposed
steady and time-varying flow through a j4.-iich-diamotm’
thick-plate oriiice. The t~ckness of the time-varying flow
boundary layer depended on the Reynolds number of tho
steady component of the flow. The time-varying flow
proiile through the orifice waa essentially that computable
from the potential-flow theory, except for a thin boundary
layer that depended on the Reynolds number of the steady
flow, as shown in figure 227.

The effects of pressure and velocity oscillations on fuel
flow and on mixing rates depend largely on the types of oscil-
lations involved and the location and design of the fuel-
injection systems. The pressure pulsations may directly
modulate the fuel-flow rate during the oscillation. Tho
major effect on the mixing rate, however, will be that of the
time-varying velocity, which will be most strongly felt when
the oscillation contains radial or transverse components.

Most studies to establish the fundwnental nature of
flame-stabilizing elements recognize that flow oscillations
greatly ailect the performance of flame stabilizers Ref-
erence 10 reports that, when resonance is encountered, blow-
out veloci~ data cxmnot be reproduced. The possibility
of duct resonance in the study reported in referonc~ 10 was
removed by placing the flame stabilizer near the exhaust
of the test duct so that only a small portion of the stabilized
flame remained enclosed in the duct. A number of investi-
gators mention the fact that increasing duct length ~ppmrs
to increase the instability of a burning engine. This trend
is illustrated by unpublished NACA data in figure 228, which
shows blowoff limits for several dif?erent velocities as n
function of tailpipe length and fuel-air ratio. The fmtor
affecting both the flame stability rmd the heat-relearn rnto
is the previously mentioned tendency of the time-varying
flow to follow potential-flow streamlines. This tendency is
shown by the sequence of photographs in figure 229. Thus,
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a velocity disturbance at the flameholder, rather than
separating at the downstream edge and allowing for a
sheltered zone where recirculation may occur, will cause a
penetration of this sheltered zone by an amount dependent
upon the amplitude of the disturbance. The effect of this
potential flow about the flameholder, then, will be (1)
to hinder the recirculation in the wake of the flameholder
by an inclusion of cold gas and (2) to intend the flame-front
mea at the flameholder, this extension then flowing down-
stream at about stream velocity.

It is felt that the wrinkling of a flame front at a flame-
holder is one of several ways in which the flame area or the
heat release may be varied during an oscillation. The
sequence of photographs (ref. 5) in figure 229 shows the
time history of a wrinkle from its generation at a flameholder
to its disappearance at the flame tip.

Reference 19 points out that the stability of a hot-cold
interface is markedly affected by the accelerations occurring
during acoustic resonance. The effect of acceleration is to
destabilize if the acceleration vector has the same direction
as the density gradient (refs. 20 and 21).

Data of reference 19 show that a flat flame breaks period-
ically into cellular flamelets in a resonating tube in phase
with the gas acceleration. The phase relation required
by the Rayleigh criterion for driving standing waves by
heat addition is thus met. The oscillations and the cells
occurred in all fuel-air mixtures tested, but amplitudes
were greatest in those mixtures in which cells formed spon-
taneously; that is, in dowrnvaxd-propagating flames that were
unstable in spite of the stabilizing effect of gravi@.

To treat this problem theoretically, a periodically varying
acceleration w-as substituted for the gravity acceleration
in the flame-front stability equations (ref. 19), and remark-
ably good agreement with experiment was achieved. The
san-msort of substitution can be made in the stability analyses
of references 20 and 21, in which a continuous velocity
distribution is assumed parallel to a sequence of disconti-
nuities in densities.

One general conclusion might be drawn from these stability
considerations: The flame front can b6 desensitized if the
density gradients are not parallel to probable acceleration
Vectors. ‘

Some of the oscillations encountered in jet engines reach
such viohmce that it is possible that large reaction-rate
changes accompany the oscillations. Whatever the direct.
cause of the increase in reaction rate, the oscillation is
certainly conducive to high performance in some cases.
l’or example, reference 6 showed that during a screech con-
dition the combustion ef%ciency for a simulated afterburner
was 92 to ~8 percent, dropping to 65 percent with the cessa-
tion of screech. The effects of oscillations on nozzle and
diffuser performance are to date unknown.

A few general remarks may be made about the location
of tho disturbed elements. It has been shown that in some
cases a velocity fluctuation causes the sensitive element to
bo disturbed; whereas, in other cases the pressure fluctua-

:03 .@ .05 .06 .07 .08 .09 .[0
Fuel-air ratio, f

FIGURE 22S.-Blowoff limits for l-inoh-dkxneter ramjet engine

(unpublished NACA data).

tion is responsible. Thus, if the oscillation consists of a
standing wave, the masimum pressure variations will be
found in those parts of the burner where the velocity fluc-
tuations are least, and vice versa. In this case, the reso-
nance may be reduced by judicious location of the sensitive
elements far from their exciters. Such a remedy is available
if the mode of oscillation is one in which standing waves
dominate but is of no use if traveling waves dominate.

EFFECTS OP FEEDBACKLOOPSONPRESSUREANDVELOCITY

b general, any selhxcited oscillation may be considered
to involve. a feedback loop; that is, a means by which the
effect of a given signal is ultimately to generate another such
signal. When very high frequency oscillations (wavelengths
on the order of a burner diameter) are involved, the signal
will probably be acoustic throughout the cycle and will
therefore travel at velocities of 1200 to 3000 feet per second.
At lower frequencies, the feedback loop may include such
elements as variation of gas composition, which will be
tmnsported at strewn velocities.

If the oscillation is assumed to be combustion-driven, each
cycle will include a variation of heat release that may be
either local or over-ill. This variation will, in turn, pro-
duce pressure and velocity waves moving upstream at Q
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speed a,,(l –it.f~a), and downstream at a~,(l+~.ti,). A
composition and a temperature irreguhuity will also be gen-
erated and will move downstream at a velocity a.u~(i’kf.x~).
The problem then becomes one of deihing the possible
methods whereby these waves can produce subsequent
changes in the heat-release rate.

If the gas velocity is sonic at the exhaust, an impinging
pressure wave will reflect, and a pressure wave will then
propagate upstream. A momentaxy increase in tempera-
ture, on the other hand, will be transformed into a rarefac-
tion wave traveling upstream. These waves may affect the
heat release as they pass through the combustion zone by
modifying the pressure and temperature therein, or they
may have rm indirect effect after pas5ing through the com-
bustion zone. In the latter case, the effect of sound waves
traveling upstream from the combustion zone may be con-
sidered, regardless of whether the waves originate in the
time-varying combustion or whether they have already re-
flected from the exhaust nozzle. Such waves may affect the
subsequent heahrelease rate in many ways, among which
are (1) changing the flame area as the wave passes the
flameholder, (2) changing the velocity proille upstrewn of
the fknneholder, (3) altering the local fuel-air ratio as the
wave passes the fuel injectors, (4) altering the mass-flow
rate into the diifuser, and (5) reflection from the inlet
dfluser followed by any of the aforementioned interactions.

This summary of possible interactions ~ intended to be
suggestive rather than exhaustive. Additional signal chan-
nels such as the shedding of vortices, mechauicd vibration,
and modulation of fiel spray or fuel evaporation chmacter-
istics should be noted.

The fundamental frequency for any loop can be deter-
mined as the reciprocal of the time required for the signal
to travel the loop:

/=(z##)-’ (14)

Although it is impossible to assign a given loop definitely to
a known frequency, it is possible to eliminate from consider-
ation those channels requiring unduly long or short intervals.
Some caution is necessary; if various channels are simuha-
neously active, the frequency need not be the fundamental
of all and may not be the fundamental of any. It is highly
probable that, with the multiplicity of potential feedback
loops, many may contribute to any given frequency of os-
cillation, It is likely that the mode of resommce selected
by the burner will be that for which the energy released
from the individual feedbacks is greateat.

Ml the feedback loops considered have one element in
common: The signal is carried upstream as an acoustic
wave. This suggests the possibility of controlling these
oscillations either by damping this wave or by desensitizing
the elements it will affect. One method of damping might
be to provide channels of varying acoustic length from the
flameholder to the region of interest, so that the original
wave would be broken down into a series of smaller waves
arriving one after another.

The case of oscillation of very high frequency can be con-
sidered analogous, except that the signal may be propagat-
ing transversely for much of the cycle.

SIGNIFICANCEOF RESONANCESTUDIRSIN DESIGNOF
JET-ENGINECOMBUSTORS

D~IQNCRITEZIABASEOONblODEOFRK90NANCE

The application of results of resonance investigations to
the design of jet-engine combustom is somewhat limited
because of the opposing requisites for good combustion and
less resonance. From acoustic considerations, the features
of current combustcm are more likely to produce than to
reduce resonance. Current designs are symmetrical, smooth,
hard, and uniform. On the other hand, less resonance
would be anticipated if no two surfaces reflected waves
alike, absorbed waves alike, nor had parallel walls. The
optinmni combustor design must necessarily be a compro-
mise between the two extremes.

In the actual design of the combustar, the simplest rule
to apply would be to acoustically soften those parts of the
combustor where possible modes of oscillation would have
prmmre’ maximums. Thus, for the longitudinal wave,
the softened part of the burner should be at the terminations
and at the walls near the terminations. For transveme
modes of oscillation, the wall surrounding the region where
the transverse oscillation might occur would be indicated.
If the walls are softened by me of some sound-absorbing
material such as iikunents of glass or steel wool behind a
perforated shell, it might be well to place such sound-
absorptive material in a random distribution of patches,
random both in size of patch and in location upon the wall.

If the flame is driving the oscillations, and it appears that
this is the case in a large number of instances, it is well to
keep the flame away from regions where the pressure goes
through its maximum excursion. This means that the
maximum reaction zone should be kept away from pressure
loops in the standing vvave, away from the terminating ends
of the combustor in the case of longitudinal standing wave,
and away tim the wall in the case of transverse standing
wave. If the combustor is of such a nature that stratiii-
cation of hot and cold gases is implicit in the design, such
hot and cold patches might be sized and spaced to act as
sources of wave interference.

After measures to reduce oscillations have been applied,
it may be found that a given combustor still oscillates at
particular operating conditions. If the mode of this oscilla-
tion can be identified, corrective measures specific to that
mode mQy then be applied. Table = gives a summary
of corrective measures for specitic modes of oscillation.

DIE31GNCBITEBIABASEDONSENSITIVITYOFDISTURBEDELEhIENTS

H a component part of the combustor such as the flame-
holder is a sensitive element in the-feedbaclc loop causing the
self-excited oscillation, at least one desia~ criterion can be
employed. If the element is sensitive to velocity or pres-
sure, it can be moved from the locus of maximum velocity
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TABLE XXXI.-SUGGI3STED METHODS FOR CONTROLLING
VARIOUS TYPES OF OSCILLATION

Typeof oscillation

Resonance:
Allmodes ------------

Longitudinal ---------

Radial ---------------

Transveme-----_----.

Helrnholtz -----------

LTonacouatiofmdbaok:
Modulated fuel floT---

Modulated fuel-airratio.

Vortices shed from up-
stream ob.Hruction.

l?lowti~nparationmodu-

Rdaxation oscillation-
Detonation in bound-

ary.

Tempemture distribu-
tion reflections (ex-
haust) .

Control possibilities

Use of a fuel whose burning rate
is not responsive to pressure
and velocity fluctuations.

Absorption by tuned resonatonx
Akorption of sound at burner

terminals. Stratification of
flow to give transverse varia-
tion of acouatio speed.

Akao tion of sound at burner
rwa or burner center.

DMraction and reflection from
temperature variations (trans-

h’~ative layer at wall and
center.

Absorption of sound at burner
walls.

ATonreaotivelayer near vmll.
Diffuser design for negative pres-

sure recovery against flow

tis;g%fussr.
Smafl combustion chamber.
Ckmtrolled residenee time.

Increased injection pressure.
Inoreased mixing length.
Inoreaaed misfng length.
Imcation of fuel injectom away

from time-varying velocities.
streamlining of obstructions.
Imcation of obstructions farther

Lou%%%” obstructions out of
line with flameholder.

D@ign to rovent separation.
?Removal o separation wake from

reaction zone.
Supercriticfd operation.
No~lve boundary layer.
Addftion of ohain-breaking sub-

stance tm boundary.
Extra mixing for flat esbaust-

temperatnre protile.

or pressure excursion. Other remedies equally a-s obvious
wo~d be either to desensitize the sensiti-ve ~ement com-
pletely or to shift its sensitivity to a frequency range that
does not correspond to a possible mode of oscillation in the
combustor. Some sensitive elements can be desensitized.
For example, a fuel-injection nozzle that can be influenced
by pressure pulses could be desensitized by increasing the
pressure drop across the injector- A fiel-air mixture could
be desensitized by the selection of either a new fuel or a fuel
additive that would cause a diminkh ed response of the
combustion process to disturbances in’ pressure and tem-
perature.

THEFUTUREFORCOMBVSTIONOSCILLA~ON

There is an ever~owing group of workers who believe
that combustor oscillation has evidenced such impressive
advantages that a far more profitable course to follow would
be to study the control and use rather than the elimination
of oscillation. Nfemurements indicate that a work cycle
over and above the steady-state Work cycle is involved in

the oscillatory motion; therefore, there is clearly n large
quantity of ene~ added to the gas in part in tho form of
additional mixing. Combustors designed to operate at low
over-all fual-air ratios have been shown to perform best if
the combustion -occurs in mixtures near stoichiometric with
the combustion products subsequently diluted with the
remainder of the air. The screech cycle might well bo used
to expeditO this mixing. It is not cIear how much of this
extra energy is directly available for producing thrust.

Reference 6 shows that in the case of screech the maximum
pressure amplitude in a transverse oscillation occurred in
a very short region rektive to the over-all length of the
combustor. If the burner were strengthened only in this
region to allow for continuous operation without shell failuro
(ref. 22), the increased combustion efficiencies accompanying
screech might be retained without a prohibitive weight
penalty.

In reference 9 it was found that oscillations introducc(l at
the flameholder could increase the heat-relense rato of an
inefficient burner by so percent with a sound level in tho
duct a benign 93 decibels. For such a technique the bwmfils
of screech might be ,redized without need for increased
structural strength. Oscillations in combustora ham ap-
peared in many forms since the advent of jet propulsion.
It would seem a safe guess that still more and difhwent
appearances lie ahead. A great detd of work on momentum
and mass transport, combustion, and allied subjects in an
unsteady nonhomogeneous flow field is needed before the
current and future oscillations in combustors can be intol-
Iigently handled.
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CHAPTER IX

SMOKE AND COKE FORMATION IN THE COMBUSTION OF HYDROCARBON-AIR MIXTURES

By ROSEL. SCWU and ROBERTR. HIBBARD

INTRODUC1’ION

There has been no consistent usage of the terms smoke,
soot, carbon, carbon deposits, or coke in referring to the
solid products arising from the incomplete combustion of
hydrocarbon fuels. In studies of single combustors and
engines, the solids discharged with the exhaust gases are
usually called smoke, and those deposited in the combustion
chamber aie usually called carbon, carbon deposits, or coke.
Since the so-called carbon and carbon deposits are not
chemically pure, the word carbon is resticted herein to the
pure element. - Therefore, for combustor work, smoke is
defined as the solid discharged with the mhaust gases and
coke as the material that adheres to the combustor walls.

Deposition of coke and formation of smoke are both unde-
sirable in the operation of turbojet combustors. Of the two
factors, coke deposition presents the more serious problem
because of its adverse effect on combustor perfonmmce and
life. Excessive smoke h~ no effect on the engine but does
offer a milit~ tactical problem, in that the presence of a
smoke trail facilitates aircraft detection in combat. Under
very severe conditions, smoke may hamper landing-field
operations or become a nuisance to personnel. The loss in
fuel heating value attributable to smoke and coke is unim-
portant, even under the worst conditions. l?or example, the
heaviest coke deposits found in single-combustor tests in
reference 1 amounted to only 26.7 grams for 1240 pounds of
fuel, or a loss of heating value of 0.004 percent due to coke
deposits. Similar calculations have not been made for the
loss due to smoke, but probably there is no loss in combustion
efficiency attributable to smoke.

In continuous-combustion engines, the tendency to form
coke or smoke varies more among petroleumderived fuels
than does any other combustion property. There is very
little difference in the fundamental flame velocity, mini-
mum ignition energy, flammability limits, quenching dis-
tance, flame temperature, or heat of combustion for various
batches of fuel supplied under a single specification or even
for fuels meeting different. specifications. However, wide
differences may occur in the coking and smoking tendencies
of jet fuels.

In addition to coke and smoke considerations, the effect
of fuel composition on flame radiation may also be important.
Carbon is the only solid that can be formed in the combust-
ion of hydrocarbons; and this solid can, under some burning
conditions, greatly affect the amount of radiation emitted
by a flame. Radiative heat transfer is an important consider-
a~ion in enatie design
tendencies, becomes
compression engines.
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and, along with co~g and smoking
increasingly important with high-

-The control of coke and smoke and of heat-transfer factors
in turbojet engines has been accomplished by pr~per combus-
tor design and by the control of certain fuel properties,
However, in this field of combustion research, a fruitful
laboratory study of fundtunental factors may yield an unders-
tanding that would facilitate engine design. Many inves-
tigations have been conducted on both the fuel and the flanm
environmental factors contributing to smoke and coko,
The greater part of this work has dealt with burning in the
gas phase and therefore with the formation of smoke. From
such work, the fuel factors affecting smoking tendency hawe
been fairly well defined. Relatively little has been done on
a laboratory scale regarding coke formation because of the
diflicukies in simulating the engine conditions in which
Iiquid fuel impinges on hot metal in the presence of flame
and flowing gases. This chapter summarima the labor~tol~
phases of smoke and coke formation and describes the prop-
erties of these materials, the eflect of variables on the forma-
tion of smoke and coke, and the chemical mechanisms pro-
posed for their formation.

PHYSICAL AND CH13NHCW NATURE OF
SMOKE AND COKE

SMOEE
Luminous hydrocarbon flames, distinct from so-culled

nonluminous ones, emit a yellow radiation that has a bl~ck-
body eneqgy-wavelength distribution. This black-body dis-
tribution can be emitted only by solids. The only possiblo
solid products from hydrocarbon combustion are either
carbon or materials containing very high percentages of
carbon. The presence of such materials in luminous flnmes
is confirmed by the deposits formed on a cold probe pasmd
through such a flame. Under some conditions, tho solids
are released from luminous flames as smoke.

These materials are formed during the combustion of
hydrocarbons only when the system is fuel-rich, either over-
all or locally. Therefore, the most familiar types of solid-
forming combustion procewm are the candle or wick-lamp
diffusion flames, where fuel alone is released loudly rmd
burns after diffusive mixing with o.sygen. These hydro-
carbon ditTusion flames are always luminous at atmospheric
pressure and are often smoh~. Premixed fuel-oxidant sys-
tems, such as the Bunsen burner, are not luminous unless
they are operated fuel-rich over-roll. For example, in refer-
ence 2 premixed benzene-air flames -werefound to be luminous
only when the equivalence ratio exceeded 1.4 and to be
smoky only at higher ratios.

The smoke released during smoh~ combustion is not pure
carbon but has been shown by chemical analysis to be a
combination of carbon, hydrogen, and o.sygen. A typical
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analysis (ref. 2) shows 96.2 percent carbon and 0.8 percent
hydrogen, with the remainder believed to be oxygen. Similar
results have been obtained in the analysis of carbon blacks,
which are the products of smoh~ combustion in diffusion
flames.

Hydrocarbonderived smoke is crystalline on a submicro-
scopic scale. X-my dMraction studies show the basic
element to be a crystallite with a major edge length of about
20 angstroms (ref. 3). The atomic structure consists of
sdveral layers of distorted hexagonal lattices, with the lattice
substantially the same as that found in the graphite form of
carbon. The distortion is believed to be due to the presence
of about 1 atom of hydrogen for every 10 atoms of carbon,
and the preceding elemental mm.lysishas approximately this
hydrogen-to-carbon atom ratio.

When the same smoke was examined by electron micros-
copy (rof. 2), these crystallite were shown to be agglom-
erated into nearly spherical particles of 0.01 to 1.0 micron
(100 to 10,000 A) diameter. These spheres, produced in a
burner under a single set of conditions, were quite uniform
in diameter and clung together to form an open, lace-like
structure.

Although the turbojet combustor operates with an over-
nll fuel-lean mi~ture, a large amount of the burning reaction
takes place in locally fuel-rich regions. These regions are
present because all the fuel enters the upstream end of the
combustor, whereas the air-entry holes are distributed along
the full length of the combustor. Flame in the rich up-
stream end is highly luminous under many operating con-
ditions, and the environment in this region should be con-
ducive to the formation of large amounts of smoke. Since
only small amounts of smoke, if any, are exhausted from
most turbojet engines, it appears that much of the smoke
probably produced in the upstream end of the combustor is
consumed in presage through the burner.

In reference 2, the. capacity of laboratory flamea in the
burning of smoke was studied, and a stream of smoke,
freshly produced by a ditfusion flame, was easily burned by
rLsecondary Bunsen flame. High concentrations of smoke
can be consumed in this manner. This is apparently con-
firmed by electron micrographs of turbojet combustion
smoke, in which the particles look like partkdly eroded
spheres (ref. 2). Their appearance suggests that spherical
smoke particles are generated in the qngine primary zone
and that these particles are largely burned away in passing
through the mgine.

COKE

Tlm coko found in turbojet combustors varies in nature
from soft, flutly material to hard, brittle deposits. Typical
rmalysesof these types (ref. 4) show the soft coke to contain
S0.0 percent carbon and 2.0 percent hydrogen, and the hard
coke to contain 92.4 and 1.6 percent of carbon and hydrogen,
respectively. The remainder is believed to be mostly oxygen
and a small amount of sulfur. Unpublished ATACA data
show that tho sulfur content of combustor cokes varies with
the sulfur content of the fuel. For example, cokedeposition
tests were run on rLfuel containing 0.05 percent sulfur and

on the same fuel to which
raise the sulfur content to
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alkyl disulfides were added to
1.00 percent. The amount of

coke formed was substantially tbo same for both fuels, bu~
the sulfur contents of the cokes were 0.7 and 2.4 percent,
respectively. Unpublished NTACA data also show that
combustor cokes contain 25 to 50 percent of material that
is soluble in carbon disulfide. This soluble material con-
tains aromatic rings and a considerable amount of earbonyl
oxygen, as indicated by inhared examination of the extract.

X-ray diffraction studies indicate that combustor coke
has some of the cqwtalline character described for smoke.
Electron microscopy (ref. 4) indicates that the soft coke
consists of nearly spherical particles imbedded in an amor-
phous matrix. However, the hard coke is a vitreous ma-
terial with no perceptible microstructure.

EFFECT OF OPERATING VARIABLESON SMOKING TENDENCY

BURNERGEOMRTBY

lliffusion flames,-The two principal types of apparatus
used to study the smoking tendency of diffusion flames are
the wick lamp and the conical or open-cup burner. Of these
two methods, the wick lamp has been used more extensively;
however, the exact design of this lamp has varied appreciably
from one investigation to another. The Davis factor lamp
was one of the earliest wick lamps to be developed (1926).
This lamp was later mod.itied (ref. 5) and used for smoking-
point determinations as recently as 1953 (ref. 6). In 1935 rL
test lamp (ref. 7) was standardized by the Institute of
Petroleum Technologists (1.P.T.) and has been employed by
several investigators (refs. 8 and 9). This I.P.T. lamp is
used in the current United States military fuel procurement
specifications. The fairly simple lamp shown in figure 230 is
a combination of the Davis apparatus and the I.P.T. lamp
(used in ref. 10). A comparison of the data obtained with the
various wick lamps and accessory equipment indicates that
smoking tendencies depend on the geometry of the apparatus
and that no simple comparison can be made between smoke-
point data obtained with diilerent lamps.

The conical or open<up lamp is often referred to as the
wickless lamp, since the flame burns directly from the top
of a pool of liquid fuel contained in a shallow funnel or cup-
shaped vessel. Development of the wickless burner is de-
scribed in reference 11, and similar burners have been used
for investigations reported in references 12 and 13.

The main ~dvantage of the wickless lamp is that it can be
used for the comparison of less smokr fuels, since flame
heights up to 450 millimeter may be measured; whereas,
the Davis wick lamp is limited to 102, and the I.P.T. lamp
to about 50 millimeters. A comparison of the I.P.T. lamp
and the wickks lamp (ref. 9) shows that the smoking points
of various fuels measured by the two methods gave a fair
correlation, but the correlation ap-pearedlogarithmic rather
than linear. Reference 9 reports that the wickless lamp is
much more d.iflicult to operate than the I.P.T. lamp and
recommends that it be used only when the range of the
I.P.T. lamp is exceeded.
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With all types of -ion burners, the flame is enclosed
by a glass tube that acts as a chimney and keeps the flame
erect and stable. The size and position of this chimney
greatly influence the smoking point of the flame.

The general procedure in using any of these lamps is to
increase the fuel flow until the flame just begins to smoke.
The smoke point may be detected visually, or amice-cooled
porcelain surface may be placed above the flame to collect
and indicate the presence of smoke. A mwxmre of the
smokiness of the fuel may be made in several ways. The
technique usually employed is to measure the masimum
height to which the flame will burn without smoking; how-
ever, in two investigations (refs. 2 and 9), measurements
were made of the maximum rate at which fuel can be burned
without smoking. A comparison of the two techniques (ref.
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9) indicatesthat the maximum burning rate is readily ob -
tained and is more reproducible than the smoke-height test,
It also represents more closely the information desired by tho
test, namely, the relative amount of fuel that oan be burned
under standardized conditions before smoke becomes a prob-
lem. Only when illumination is concerned does the height
of the flame become a significant factor. The smoke-height
test, however, is somewhat more convenient to use and there-
fore has been adopted in the ASTINl procedqrw. Anothw
method (ref. 12) is to pass a light beam through the chimmy
in which the smoke is issuing from the flame. A photo-
electric cell indicates the amount of light absorbed and, con-
sequently, a measure of the smokiness of the fuel. Also, the
smoke issuing from various aromatic fuels burning at a given
fuel flow has been collected and weighed (ref. 13). The
greater the amount of smoke collected, the higher tlm
smoking tendency of the fuel.

h previously stated, the smoke point is generally deter-
mined by measuring the maximum height or maximum fuel
rate at which the flame will burn without smoking, Tlm
higher the flame or the greater the fuel-flow rate, the 10WW
the tdndency for that fuel to smoke. Consequently, the
smoking tendency is an inverse function of the flame height
or fuel flow. Reference 14 defines smoking tendency S as
equal to a constant k over the maximum flame height bp (in
millimeters) and assigns the value of 320 to k:

k
‘-g

The value of k is unimportant in the following discussion,
but the distinction between maximum flame height qnd the
concept of smoking tendency should be noted.

Bunsen flames .—The smoking tendencies of Bunmn
flames are reported in references 2, 12, and 15. In refercnco
15 a continuous-flow apparatus was used in which stemdy
streams of both volatile and nonvolatile fuels could bo
mixed with air eithar as yapors or as mist droplets, according
to their vapor pressures. The fuel-air mixture was passed
up a vertical tube after generation and burned on top in
primary air only. The composition of the mkture was
determined by analyzing the exhaust gases.

In the investigations reported in references 2 ancl 12 the
fuel w= metered from a burette and mixed with metered oir,
The premixed fuel and air were then burnecl from a tubo
surrounded by a glass tube chimney. The effect of varying
the burner-tube inside diameter from 6 to 9 millimeters WM
investigated in reference 2, which showed that the smoking
tendency was slightly reduced as the burner-tubo diameter
was decreased. The influence of chimney length, diameter,
and position with respect to the flame was also reported in
reference 2. Increasing the chimney length from 120 to
500 millimeters caused a reduction in smoking tendency,
Changes in the diameter and position of the chinmoy gnvo
varied results, depending on the convection in the chirmmy,
In general, all chimney varinblea thnt reduced smoke for-
mation did so by generating a flue effect which tmdcd to
flow more air around the flame. If the burner tube was
ducted so that a controlled secondary-air flow could be
passed by the flame, the smoking tendency was reduced m
the secondmy-air flow was increased.
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FUJ3LAIERATIO

Diffusion flames.-The effect of over-ill fuel-air ratio on
the smoking tendency of lmninar diilusion flames has been
investigateed by two different techniques. In reference 13,
the air supply past the flame was maintained constant and
the smoke issuing from the flame was collected at various
increasing fuel flows. A plot of the smoke deposit against
the fuel-air ratio is shown in figure 231. Since the airflow
was constant, the ordinate is essentially a measure of the
fuel flow. As shown in this figure, the initial increase in
fuel flow produces a sharp increase in the amount of smoke
collected. b higher fuel flows are reached, the amount of
smoke produced appeam to level off.

In another controlled-air study with diilusion flamea
(ref. 2), the airflow rate past the flame was increased by
gradual steps, and a determination was made of the maxi-
mum rate at which the fuel could be burned without smoking
at each given airflow. In figure 232, the mminmrn fuel rate
for smoke-free burning is plotted against the airflow rate
for eight pum hydrocarbon fuels. With initial increases in
airflow, the maximum smoke-free fuel flow increases pro-
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portionally, but eventually a limiting fuel flow is reached at
which further increases in airflow past the flame do not
permit more fuel to burn smoke-free.

Bunsen flames.-The effect of fuel-air ratio on smoke
formation from Bunsen flames is reported in reference 12.
A measure of the smoke density of the fuel was made by
passing alight beam through the chimney in which the smoke
w-asissuing from the flame. A photoelectric cell indicated
the amount of light absorbed as a measure of the smoke
formation. In this burner, the paraflhs, cycloparafhs, rmd
olefins, with the exception of triisobutylene, could not be
mad~ to smoke even at the mtium fuel-air ratio that
would support combustion. Figure 233 shows the variation

Fuel- air ratio, f -

FIGUEE233.-Variation of smoke with fuel-air ratio for several fuels
burning as Bunsen flames. Airflow, 4.1 liters per minute @cf.
12).
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with fuel-air ratio for
kerosene aid aromatic and dicykc compounds. The air
flow premixed with the fuel was held constant at 4.1+ 0.1
liters per minute, and the fuel flow was increased to give the
fuel-air ratios indicated. The aromatic and dicyclic com-
pounds began to smoke at approx@ately stoichiometric
fuel-air ratios. Within experimental error, smoke for-
mation from a Bunsen flame appem-a to be a linear function
of the fuel-air ratio.

TEMPREATURE

Diffusion flames.-An investigation (ref. 8) of the effect
of ambient temperature on the smoke point of five fuels
burning as difbion flames at three temperatures (0°, 70°,
and 90° F) showed the smoke point to be independent of
temperature in the range between 0° and 90° F. Nor did
the preheating of gases burning as diflusion flames to 375° F
change the smohg tendency (ref. 2).

Bunsen flames.-In references 2 and 15 the effect of
temperature on the smoking tendency of Bunsen flames was
studied. The fuel-air ratio at which incandescent carbon
was first observed and also the fuel-air ratio at which smoke
actually issued from the flame were determined (ref. 2).
Over a temperature range of 82° to 842” F, the point at
which smoke issued from a premixed benzene flame was
independent of temperature. However, the first appearance
of yellow incandescent carbon in the flame occurred at
slightly higher fuel-air ratios as the temperature was in-
creased over this range:

In reference 15, only the appearance of yellow incan-
descent carbon in the flame was used to measure the effect
of temperature on propane, propene, benzene, and kerosene
fhunes. Over a temperature range of –40° to 925° F, in-
candescent carbon in the flame appeared at slightly higher
fuel-air ratios as the temperature was increased.

PRmsuEE

Diffusion flames.-Studies of the effect of pressure on
smoke formation from diffwion flames are reported in
references 2, 8, and 16. The investigation of reference 16
was limited to acetylene, and that of reference 8 to petroleum
fractions. The work of both references 8 and 16 was con-
ducted at pressuresbelow atmospheric; and in both investi-
gations the tendency to smoke decreased with decreasing
pressure. Reference 2 reports smoking tendencies for six
pure hydrocarbons, a JP4 fuel, and two blends of n-octane
and toluene over a pressure range of about 0.5 to 4 atmos-
pheres. For two of the pure hydrocarbons, l-octene and
n-octane, the pressure range was extended to 9 and 12
atmospheres, respectively. Ethane and ethene were studied
over a pressurerange of 4 to 22 atmospheres. The mmimum
relative rate at which all fuels could be burned without
smoking decreased consistently with increasing pressure.
Typical results are shown in figure 234. The data in refer-
ence 2 show that the product of the smoke-free fuel flow and
the pressure is a constant, or, in other words, that the
smoke-tiee fiel flow is inverdy proportional to the pressure.
Since diflusion coefficients are aleo inversely proportional to

the pressure, it was concluded that the rate of difhsion and,
consequently, the rate of mixing of fuel and air may account
for the variation in smoke formation with preemrre.
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Bunsen flames.—In a spectroscopic study of a premixed
othene flame (ref. 17), it was observed that smoke started
to form as the pressure was increased. In reference 18
(p. 170), the formation of smoke horn rm acetylene-oxygen
flame at various pressureswas studied, and it was concluded
that the effect of pressure on smoke formation horn Bunsen
flames is probably slight. The effects that reference 17
observed were attributed to changes in experimental param-
eters such as mass flow and the influence of t,heburner wall.
Since the results of the di.ihsion-flame study (ref. 2) indicate
that the increase in smoke formation with pressure results
from the decreases in diffusion coefficients with prweure,
the smoke formation from a Bunsen flame, which contains
all its oxygen, should be independent of pressure if outside
diffusion effects me eliminated.

EFFECT OF FUEL VARIABLES ON SMOKING TENDENCY

EFFECTOFHYDROCARBONTYPEONDIFFUS1ON~

One of the fit studies to indicate the importance of
fuel type on smoke formation is reported in reference 19.
The influence of fuel type on smoke has been more extensively
investigated, and data have been reported for pure liquid
hydrocarbons (refs. 2, 6, 11, 13, and 14) and pure, gaseous
hydrocarbons (ref. 2). Since each investigator employed
a difFerent apparatus, no absolute or standardized values
are available; however, certain consistent trends have “be-
come apparent, For the pure hydrocarbon compounds,
the smoking tendency among the four major homologous
series varies as follows: aromatim>allqnes>monoolefis>
n-paraffis.

The. magnitude of the variations in smoking tendency
among the aromatic, olefm, and parafi series is illustrated
in the following table:

I I i

1 11----------- 2.61 16.2
2---------- 1: ; ;: 31.8
6---------- 15.7 23.7

The smoking tendency of the average aromatic is reported
to be from 6.2 to 15.7 times greater than for the olefins, and
16.2 to 31.8 times greater than for the parafis. The
smoking tendency of the olefins is about twice that of the
parailins. The lack of quantitative agreement becomes
readily apparent horn examining the values in the table.
The variations within the aromatic, dkyne, oleiin, and
pnrnffi series are discussed in the following paragraphs.

Aromatics,—As the preceding table indicates, the aromatic
compounds have the greatest smoking tendency of the
various classes of fuels. With benzene as a reference, the
smoking tendency generally increases with the addition of
a side chain of one or two carbon atoms; but with a snfli-
ciently long side chain, the smoking tendency is reduced.
The total range of flame heights among the aromatic com-
pounds, however, is very small. For example, most investi-

gatorsreport the emoke-poht flame height of benzene to be
between 5 and 10 millimeters. The aromatiw of higher
~mokingtendency have flame heights ranging down to about
3 millimeters; and those of lesser smoking tendency, up
k 12 millimeters. The total range of 3 to 12 rnillimetem
b not very great compared with an average paraflin such
N hexane with a flame height of 150 millimeters. The
experimental error, percentagewise, in meqsuring flames as
qmall as 3 to 12 millimeters is very large. Since the aro-
matics have an essentially uniform smoke point, it is difh-
cult to make a satisfactory differentiation among the various
aromatic stmctures.

Hunt (ref. 6) attempted to overcome this difficulty by
studying blends containing 20 percent of various aromatics
in n-dodecane. This procedure increased the flame height
of the benzene blend to 66 meters. Blends of about 30
other aromatic and naphthalene compounds were studied
in this manner; flame heights ranged from 36 to 81 milli-
meters. Differences in smoke heights were thus ma@ed
w.fliciently to eliminate most experimental errors and permit
a definite distinction to be made in smoke points among
various aromatic structures. Variations in flame heights
for 20 percent blends of 30 aromatic compounds were plotted
against the number of carbon atoms in the compound.
Most of these are presented in figure 235. Figure 235 em-
phasizes that substitution on the benzene ring may cause an
increase or decrease in the smoke point, depending on the
nature of the substituted group. F??aphthaleneand sub-
stituted naphthalene compounds definitely exhibit a greater
tendency to smoke than the aromatics.

p

I I ( 1

1 6 8 10 12
Corbcil atoms

IhGunB 235.—Relation between moleouhr struoture and smoking
tendenoy for arematiee as determined in a modilhd Davis faotor
lamp (by permission from ref. 6). (20-Volume-percent blends of
aromatio with n-dodeoane.)
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Mkynes.-Smoke-point data for the alkynes are limited.
Reference 2 reports the smoking tendency for acetylene,
l-propyne, l-pentpe, and l-hexyne. The smoking tend-
encies decreased slightly with increasing chain length and
were of about the .mme order of maggtude as for the aro-
matics. Comparison of l-octyne and l-dodec~e (ref. 6)
showed a decrease in smoking tendency with increasing
chain length; however, thq smoking tendency for these two
dkynes was appreciably less than for the aromatics.

Monooleiins.-AU the investigators have reported the
monoolefis to be appreciably less smoky than the aromatics
but of higher smoking tendency than the n-parafiim. From
the data of reference 2, the smoking tendency is reported to
increase from ethene to butene. Referams 2, 11, and 14
indicate that, with oleiins of five or more carbon atoms, the
smoking tendency decreases with increasing chain length.
Data from reference 6 indicate that the smoking tendency
is essentially constant for aU the olefins above five carbon
atoms. The effect of the position of the double bond, in the
one and two position only, is reported by reference 6, where
2-heptene is shown to have a slightly higher smoking tend-
ency thrm l-heptene; however, the difference is less than 6
percent. l-Octene and 2-octene showed the same smoking
tendency (ref. 6).

Diolellns.—Diolefhs (refs. 2 and 14) have appreciably
higher smoking tendencies than the monoolefins. The
smoking tendency of 1,3-butadiene is higher than that of
most aromatica (ref. 2). As the chain is lengthened, the
smold.ngtendency decreases.

Cyclooleilns.-f2yclohexene has a somewhat higher smok-
ing tendency than l-hexene (ref. 2). Cyclopentene, how--
ever, has an appreciably higher smoking tendency than
cyclohaxene or l-pentene and forms ahnost as much smoke
m the aromatics.

ParafEns.—The n-pmaflins are consistently reported to
have a lower smoking tendency than any of the other ho-
mologous serie9. The smoking tendency increas.~ with in-
creasing chain length. From ethane to hexane, the increase
in smoking tendency is over 100 percent (ref. 2); while, for
compounds of 6 to 15 carbon atoms, the increase is generaUy
about 10 percent.

If the paraE chain is branched, the smoking tendency
increases markedly. h fact, a highIy branched compound
such as isooctane (2,2,4-trimethylpentane) has a higher
smoking tendency than a monooleiin of corresponding num-
ber of carbon atoms (ref. 6). 2,2-Dimethylpropane has a
smoking tendency almost as great as l-pentene (ref. 2).
The smoke points for several isomeric parafEns are plotted
and compared with similar data for n-paraE and n-oletins
in figure 236 (ref. 6).

Cycloparaftins.-C@lopemdins produce more smoke than
the n-paraffi; the smoking tendency decreases with in-
creasing ring size tim three to six carbon atoms (ref. 2).
The addition of a short side’ chain to the ring increases the
smoking tendency; but, as the length of the side chain is
increased, the smoking tendency is reduced slightly. Cy-
clopentrme with a side chain of 10 carbon atoms (decylcy-
clopentane) has about the same smoking tendency as cyclo-
pentane (ref. 6).

152

~

n-Para ff(ns

144 -

Z-Methyl
<)

136

\

128

2> Oimethyl

4 >

E

~

FL
,,2,4-Oim ethyl

al
z

:112

[04

96
n- Oteflns

88

&2,4 -Tr knelhyl t

806
7 8

Tatal mrkon alarm

FI~UIUZ236.—Relation of molecular struoture rmd smoking tondonoy
for paralhs and oleilns as determined in a modffled Davis faotor
lamp (by permidon from ref. 6).

Summary.-The smoking tendency decreases as follows:
aromatics> ~nes>oleiins>n-paraflins:

(1) All the aromatics have a fairly uniform and extrem~y
high smoking tendency. From an average of three invmti-
gations, the aromatica are about 12 times aa smo~ as tho
oleiins and about 24 times aa smoky as the n-pardli.ns.

(2) The alkynes lie between the aromatica and the mono-
oleiins, with the smoking tendency decreasing with incrcns-
ing chain length.

(3) The smoking tendency of the monoolefins incrmms
fkom ethene to butene and then decreases with incensing
chain length. The olefins are about z, as smoky qs the
aromatics, but about twice aa smoky m the n-paraffis.
Branching, ring formation, and additional double bonds
increase the smoking tendency.

(4) The wparatlins have a lower smoking tendency than
any of the other homologous series. The smoking tendency
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increases with increasing chain length, branching, and ring
formation.

Hydrocarbon blends and reilnery streams.-The smoke
points of two component blends of pure hydrocarbons are
reported in references 6, 8, and 9. As tm example of such
blending smoke-point data, figure 237 shows the smoke
points for O to 100 percent blends of wc-butylbenzene and
of a-methyhmphthalene in ndodecane (ref. 6). Although
th~ siioke points of the two pure aromatim differ by only 2
millimeters, the blending curves are M%rent. l?or example,
at rL20 percent aromatic concentration, the smoke point of
the wc-butylbmzene blend is about 74, whereas that of the
cr-methyhmphthalene blend is’ only 37. The marked effect

of the aromatic on the smoke point of pardns is also ap-
parent. l?or example, a 20 percent addition of the aromatic
reduces the flame height of ndodetane by about 50 percent
or greater. When the concentration of a-methylnaphtha-
lme is 50 pwcent, the smoke point of the blend is substrm-
tially that of the pure aromatic.

Smoking tendencies for various reiinery fractions are
reported in references 8 to 10, 14, and 19. The early studies
wem used to evaluate the illumination quality of kerosene-
type fuels burning in lamps. The major interest in smoke-
point data in the last several years has resulted from the
demand for clean-burning jet fuels. The smol@g points
of 48 jet fuels and the fuel-inspection data for these fuels
are reported in reference 8. Reference 10 reports the
flame-height smoke point for jet fuels to be about 15 to 30
m llimetera, compared with 6 or 7 millimeters for aromatics

rmd 77 millimeters for commercial isoheptane.
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FIcimm 237.-Relation of blend oomporntion and smoking tendency
as dotermfned in a modified Davis factor lamp (by permksion from
ref. 6).

EFFECT OF HYDROCARBONTYPEONBUNSENFLAMES

Measurements of variations in smoke formation of various
hydrocarbons are reported in references 12 and 15. Since
in reference 12 the paraffins., cycloparafb, and olefins
could not be made to smoke even at the maximum fuel-air
ratio that would support combustion, these fuels appem
to be less smolq than the aromatim and other fuels shown
in figure 233. In general, the smoking tendencies of the
fuels shown in figure 233 are in the same relation to each
other as in diffusion-flame studies. The aromatica show a
fairly uniform smotig tendency, w was the case with
*ion flamw.

Reference 15 reports determination of the critical fuel-air
ratio that would just cause a yellow streak of incandescent
carbon to appear in Bunsen flames of various hydrocarbon
and oxygenated compounds. The appearance of this yellow
streak in the flame, of course, occurs at considerably lower
fuel-air ratios than the actual emission of smoke. The
results of reference 15 are shown in figure 238, where the
critic@ air-fuel ratio is plotted against the number of carbon
atoms in the compound. The higher the position of a fuel
on this plot, the greater is its tendency to form an incan-
descent streak of carbon.

The values for the aromatics, hstend of being decidedly
worse than the other fuels, are similar to the pardins, iso-
pardins, and olefins. The order of these last three series
is the reverse of that observed in diffusion studies. The
order of decalin with respect to the substituted naphthalenes
and the aromatics diilers from the Bunsen work of reference
12 (see fig. 233). The variation with respect to the data
in figure 233 may be explained by the fact that the appear-
ance of yellow incandescent carbon in the flame and not the
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FIGURE 238.-Critic+LI ti-fuel ratio for carbon formation as a
funation of moleoular weight and fuel type (ref. 15).
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emission of smoke was measured in reference 15. It is prob-
able that these two types of measurements would not be
directly proportional. If they are, however, the effect of
fuel type on smoke formation as measured by Bunsen and
diflnsion flames appears appreciably difTerent.

MEXHODSOFCOREELA’HNGSMOKINGTENDBNCYWIl?HHYDROCARBON
STEUCTUREINDIFFUSIONFL.A&~

SeveraI metho&” of predicting or explaining the variation
of smoking tendency among difbrent fuel types have been
proposed. An equation based on the oxygen requirements
of -Ion flames was developd in reference 14 to predict
the maximum smoke-free flame height bF (the constants
apply only for this particular apparatus):

bp=
(x+3)’

36.lxy+54.9-26.653
(1)

where
x molecuku volume of combustion products

Y moleculax volume of oxygen

While this equation predicts qualitative trends among the
various series quit e accurately, it does not predict the magni-
tude by which one series diflers from another as reported
experimentally. Some of the trends within the sties-for
example, the effect of branching and ring formation-would
not be predicted by the equation. Mo~cation of the equa-
tion to fit the apparatus in use may be of some practical
value for making qualitative comparisons; but, with respect
to th&my, the equation does not explain the effect of differ-
ences in fuel type such as branching.

The relation between the tendency to smoke and the

carbon-hydrogen ratio of the compound is discussed in refm-
ence 11. It is indicated that, in general, compounds of high
C-H ratio show a higher smoking tendency than compounds
of low C-H ratio. This particular correlation, which gives
good qualitative agreement, has been used in predicting com-
bustor coke deposition (ref. 20). Like equation (l), howww+,
it does not explain the difi%rencesresulting horn such factors
as branching and ring formation; consequently, in reforenco
11 the smokiness of the hydrocarbon molecule is attributed

,to its compactness.
References 2 and 21 suggest that smoking tendencies may

be related to the relative -easeof removal of hydrogen atoms
compared with the stabfi~ of the carbon chain or skeleton
of the molecule. A true measure of the stability of tho
carbon skeleton is difficult to obtain but can be ropreeontod
to some extent by the carbon-enrbon bond strengths, A
comparison of the stability as measured by bond stmngthe is
shown in figure 239 and appeam to give good qualitntivo
agreement with the smoking tendencies. If all tho factors
contributing to the stabfity of the carbon chain could bo
evaluated and assessed,the agreement might be bottmr.

EFFECTOFNONHYDROCARBON COMFONENT8

DiiTuaion flames,-Petroleum-derived fuels may contttin
small quantities of organic sulfur, nitrogen, and oxygen com-
pounds. The maximum amount of sulfur permitted by tho
current military fuel specifications is 0.2 percmt for JP-1,
0.4 percent for W–3 and W+, md 0.5 pmcont for JP-5.
~oncxmtration limits for nitrogen and oxygen are not spoci60d
but are not likely to exceed 0.1 and 0.5 percent, respoctivoly.
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Smoke-point data for some sulfur compounds me reported
in refmence 6; and for some nitrogen compounds, in refer-
cmces (3 and 11. Both the alkyl-substituted sulfur com-
poundE (mercaptims and dimdiides) and the ~1-substituted
nitrogen compounds (wnines) have smoking tanden-
cics somewhat higher than their hydrocarbon analogs. The
nryl mercaptrms and sulfides have smoking tendencies sub-
stantirdly the same m, and the my-l amines appreciably
lower thrm their parent hydrocarbons.

A thorough study of oxygen-containing compounds is
reported in reference 11. In general, increasing the oggen
contmt results in decreasing smoking tendency. Compounds
containing high percentages of oxygen, such as methyl
tmetat e, smoke only at very great flame heights. Methyl
alcohol cannot be made to smoke at all; and, at equal oxygen
concentration, the general order for increasing tendency to
smoke is n-primary alcohols<n-primary nitropara5<
propionates<acetates<lactates<formates.

In general, the concentrations of sulfur, nitrogen, and
oWgen are so low in conventional hydrocarbon fuels that the
presence of these impurities should not measurably affect the
smoking tendency of the fuel.

Bunsen flames.-Aryl amines and oxygenated compounds
were investigated in Bunsen flames in reference 15. The
results are shown in figure 238. The values for the aryl
amincs are not appreciably different from those of their
hydrocarbon analogs. The oxygenated compounds show
increasing air-fuel ratio with increasing number of carbon
atoms in the molecule, the alcohols requiring a higher air-fuel
ratio than t-ddehydes or ketones of a similar number of carbon
atoms.

EFFEmOFADD~

Diffusion flames ,—Relatively little information IS avail-
able on the effect of additives on the smoking characteristics
of hydrocarbon flam~. This effect may differ between
diffusion and Bunsen type flamea. Additions of the order of
5 percent of sulfur trioxide are required to measurably reduce
the smoking tendency of a diilusion flame (ref. 22), but as
little as 0.1 percent of this gas will change a nonluminous
Bunsen flame to a luminous one (ref. 18, p. 173). However,
the actions of sulfur dioxide and hydrogen sultide are similar
in both type flames; and, with concentrations of the order of
5 percent, slight reductions in smoking tendency of tilon
flames and decreasesin the luminosity for Bunsen flapw were
obmrved (ref. 18, p. 173). Reference 22 proposes that the
oxides of sulfur reduce smoke formation in a diffusion flame
by being first converted to & molecules which then react
with carbon to form CS.

A few other substances, such as nitric oxide, nitrogen
dioxide, diethyl peroxide, and tetraethyl lead, have been
tested as additives but have produced no striking effects in
rcgmd to smoke formation horn diifusion flames (ref. 18, p.
173). One of the most effective additives appears to be
dicjclopentrdienyliron. Reference 23 shows that the addi-
tion of O.O2weight percent of dicyclopentadienyliron can
increase the smoke-free flame height of benzene horn 8.4 to
8,9 millimeters, of J3?-4 referee from 16.1 to 21.7 millimeters,
and of a 100 percent catalytically cracked No. 2 fuel oil from

7.3 to 9.1 millimeter. In studies with a high-pressure
atomization-type oil burner, a 75-percant reduction in volume
of coke deposits resulted from the use of 0.05 weight percent
of dicyclopentadienyliron. In a 2-inch jet burner coke
deposits were reduced from a control level of 255 milligrams
to 220 milligrams by 0.001 weight percent of dlcyclopenta-
dianyliron. With 0.01 weight percent, virtually no coke
deposits were formed.

Bunsen flames,-In reference 15, which used the first
appearance of incandescent carbon in the flame as a measure
of smoking tendency, no additive was found that had any
si.gniiicanteffect on the fuel-air ratio in concentrations under
1 percent by weight. Addition in quantities over 10 per-
cent by weight may have an appreciable affect. Halo-
genated compounds, sulfuric acid, and sulfur trioxido incrmse
the fiction of stoichiometric air required to inhibit carbon
formation; nitrogen paroside, carbon monoxide, tetrmthyl
lead, methyl alcohol, methylethyl ketone, and amyl nitrate
have the opposite effect; sulfur dioxide, carbon dioxide, and
water have no effect; carbon &tide has no effect on
kerosene flames but incraaw the fraction of stoichiometric
air required in benzene flames. Sulfur dioxide, though
having no effect on the critical air-fuel ratio, appeara to
reduce the amount of carbon formed in flames of rich
mixtures.

THEORIESOF SMOKE AND COKEFORMATION
SMOKE

In the preceding sections it w= proposed that the relative
ease of removal of hydrogen atoms from the molecule as
compared with the breaking of carbon bonds is responsible
for the variations in smoking among different fiel types
burning as diffusion flames. This proposal suggests that the
thermal and oxidative dehydrogenation processes, which
occur very early in the burning process, influence the further
come of smoke formation. The thermal dehydrogenation
probably occurs as soon as the fuel entam a laminar -Ion
flame, because the fuel is heatad to temperatures of the order
of 1500° ~ or higher before coming in contact with oxygen.
Active decomposition particles, then, further promote
dehydrogenation processes.

Other investigators who have considered the importance
of dehydrogenation reactions tend to support this proposal.
For example, the energy requirements for removal of a
hydrogen atom from an acetylene molecule by a free hydro-
gen atom,

H+ CJH2-+H,+@3

were considered in reference 24. This reaction has an
activation energy of only 5 kilocalories par mole, which
indicatea that it could easily occur. Activation energies
for the reaction of hydrogen atoms with various other hydro-
carbon compounds are of similar magnitude (ref. 25).

It was observed in reference 26 that suppression of the
hydrogen-atom concentration in flames accompanies the
supprtwion of smoke formation. Thus, smoke formation
could be prevented by raactiom that consume hydrogen
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atoms or render them ineffective. Refer~ce 27 suggests
that smoke formation could be suppressedby carbon monox-
ide and nitrogen, which serve as nuclei for the recombination
and removal of hydrogen atoms. Reference 13 reports that,
in addition to hydrogen atoms, other atoms and radicals
such as those found in the pyrolysis of halogen compounds
also increase smoke formation. All “these active species
probably promote polymerization reactions leading to smoke
by stripping hydrogen from the fuel molecukm Even if
halogen atoms react W-MLand remove some of the hydrogen
atoms, the concentration of fuel molecules is so much greater
than the concentration of the short-lived hydrogen atoms
that the dehydrogenation process predominates. It is
therefore proposed that the removal of hydrogen atoms from
the fuel molecules both by thermal processes and by active
atoms is probably he initial process involved in the forma-
tion of smoke.

The steps that might occur after totrd or partial dehydro-
genation are controvamial. Since aromatics have the great-
est smoking tendencies, and since the graphite structure of
carbon particles resembles the molecuku structure of the
multiriiged homologs of benzene, the formation of smoke by
a buildup of aromatic ring structures has been suggested
(ref. 28). This theory is not opposed to the initial step of
hydrogen removal, since the fuels would have to lose some
hydrogen atoms before a polymerization of the rings might
begin. However, absorption spectroscopic examinations of
a benzene flame in the ultraviolet region (ref. 16) indicate
that benzene is consumed in the lowest portion of the flame
and that an appreciable gap existsbetween the disappearance
of benzene and the appearance of smoke particles. No inter-
mediate aromatic products, which should be readily detect-
able in the ultraviolet, are found in this region. The absence
of aromatic intermediates in this gap is evidence against the
ring-building theory.

Thorp, Long, and Garner (ref. 29) analyzed the smoke from
a flat benzene flame and found diphenyl to be present, thus
supporting the aromatic-~-building theory; but in later
work (ref. 30) they did not find diphenyl present in the prod-
ucts of the soots from parafEnic or naphthenic fuels. Conse-
quently, it is mdikely that carbon formation in hydrocarbon
diflusion flames occurs through diphenyl, the polyphenyls,
or the polycyclic aromatics as intermediate compounds (ref.
30).

Parker and TVolfhard (ref. 16) reject the aromatic-ring-
building theory; but they have proposed as mechaiimos for
smoke formation (1) the formation of large molecules that
may graphitize born within, or (2) an increase in the concen-
tration of moderately high moleculm weight hydrocarbons
until the saturation vapor pressure is reached, at -whichtime
condensation occurs to form a mist of droplets that form
nucIei and graphitize. Observations on the physical nature
of smoke (ref. 31) show that the iirst mechanism is improb-
able. Frazee and Andemon (ref. 24) object to both mecha-
nisms, on the basis of prohibitive energy requirements and
other considerations. Porter (ref. 32) concludes from con-
siderations based on the time available for polymerization
and on the nature of the smoke formed that the droplet-.
formation mechanism or polymerization mechanisms in gen-

eral do not contribute to smoke formntion to any signiiicrmt
extent in ordinary diffusion flames.

Porter believes, instead, that fuels in combustion wawea
first decompose to form lower-molecular-weight hydrocar-
bons such as acetylene as a result of both thermal decompo-
sition and partial oxidation (ref. 32). By rapid adiabatic
photol@ he obtained rates of liberation of heat and active
particles in a reaction vessel comparable with those which
Occm-in flamw. A rapid quenching resulted in the retention
of a fraction of all stable intermediates. Complete analysis
of the products showed no higher hydrocarbons. Porter
therefore proposes a series of reactions:

m,+.~E@~H,-carbon

Previously, Tropsoh and Egloff (ref. 33) showed that
acetybne is a product of the pyrolysis of pure hydrocarbons.
They passed ethane rapidly through a heated tube for various
contact times and found that ethene, acetylene, and carbon
were formed. This experiment simulates the reactions that
might occur in the lowest portion of a diflusion flame where
the fuel is heated before coming into contact with oxygen.
Similarly, reference 34 studied the pyrolysis products of
benzene with a maw spectrometer and showed evidence that
the decomposition of benzene to form carbon occurs via
acetylene. It was also shown in a study of the autoignition
of benzene-air mixtures (ref. 35) that the degradation proc-
esses lead to the formation of 2- and 4-carbon acetylrmes,
Reference 35 concludes that, in light of this evidence, Portm’s
proposal appeara quite plausible for carbon formation from
benzene and perhaps other aromatim.

Simx acetylene may be the last stible product to appear
before smoke formation, the final step in the mechanism of
smoke formation would be that leading from acetylene to
smoke. If alI hydrogen atoms were removed from the
C2H1 molectie, the mechanism for the fial step in the
formation of smoke wouId be the polymerization of Ca
radicds. Such a mechanism was at one time eonaiderecl
a plausible and promising explanation of smoke formation
(e. g., ref. 17). However, the theory of smoke formation
via Cg haa now been rejected by numerous authora (refs.
16, 24, and 32).

A mechanism based on simultaneous polymerization and
dehydrogenation is proposed in reference 32 to account for
the steps between acetylene and smoke. The reaction is
exemplified by the following equation:

J?- -J?- -J
‘4 ‘i%+*--1-=1-+‘C=r+=

!

‘llansimt diene structures like those indicated wore also
deemed important in reference 30.

Analogous to the work of reference 32 is the indication
in references 24 and 36 that a mechanism involving free
radicals or atoms is important in the formation of smoke
and that polymerization and dehydrogenation reactions
occur simultaneously rather than in sequence. The activation-
energy requirements for some free-radical rmctions wero
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considered, and the following values were reported:

Energy,
kcal/mole

C.zH+C,H,+Cfi,-C@ +H, =68

C,H+C2H,-C4H,+H <26

C,H2+C,HZ+Cm, +H =60

Acetylene was the fuel initially present in these studies.
Reference 24 indicatea that the fit equation is of the type
suggested by Porter and proposes that, while the reaction
is feasiblo and may occur to some extent, its activation
energy is much higher than that for the reaction shown in
the second equntion. At particularly high temperatures,
more than one reactive radical or hydrogen atom could result
from CLstep such as the second equation,, and ch@-
bmnching might result. Steps such as these can occur with
molecules containing larger and larger numbers of carbon
atoms, leading eventually to formation of carbon nuclei
nnd even to growth of a particle. The third equation shows
n possibility for the use of the energy of combination in
initiating reactions perh~ps more effectively than by purely
thermal means.

However, an unpublished study of an acetylene-air flame
by I?erguson of the National Bureau of Standards indicates
that the carbon bonds in the acetylene molecule are broken
before smoke formation begins. Ferguson suggests that a
buildup of smoke particles initially occurs mainly by the
combination of single carbon radicals. It is not known
whether the acetylene found in Porter’s work was formed by
the reaction of single carbon radicds or resulted from
dehydrogenation of the original fuel molecule. An under-
standing of the exact role played by acetylene in smoke
formation appears to be very important in the formulation
of a final mechanism.

In summary, the general mechanism of smoke formation,
based on the information currently available, probably
proceeds m follows:

(1) Some hydrogen atoms are removed from the fuel
molecule by thermal processes. The hydrogen atoms, in
turn, cause further dehydrogenation of the molecule. The
more readily the hydrogen atoms are removed as compared
with the breaking of carbon bonds, the greater is the prob-
ability of smoke formation.

(2) After these initial dehydrogenation steps, the fuel
molecules probably continue to decompose to smaller mole-
cules and fragments of molecules. Various authom have
shown that a breakdown to smaller products must occur
rather than an immediate growth to polymers or aromatic
ring structures

(3) Although a breakdown to small molecules and single
carbon radicals takea place, the formation of smoke through
polymerization of ~ radicals has been rejected. It has
been proposed that in the final stages the small molecules
such as acetylene and perhaps mainly single carbon radicals
undergo a simultaneous polymerization and dehydrogenation
to form smoke.

4oolo&o~o

COKE
Although the formation of coke may be a more serious

problem than that of exhaust smoke, the mechanism of coke
formation has received somewhat less attention. Most of the
work in this field has involved an analysis of the coke deposits
formed in combustors (ref. 4). Reference 4 concludes that
hard coke “is largely a petroleum coke resulting from liquid-
phase cracking, subsequent pyrolysis, and final coking of the
fuel horn the spray nozzle as it impinges on the hot liner wall,”
and that soft combustor coke consists of smoke mixed with
the residue horn the degradation of fuel in the liquid phase.
Reference 37 on the formation and properties of petroleum
coke is of interest, since it describes quite fully the later
stages in the reactions yielding this product. This reference
cites earlier work that proposes the following sequence of
reactions: paratlins+olefins~aromatics with side chains+
condensed ring systems-asphaltenes-carboids. The last
reaction is then expanded to include the series of: asphalt+
pitch+semipitchaasphaltic coke+carboid coke (~graph-
ite). It is of little importance whether the earlier stages of
the over-all coking reaction proceed as indicated, since all
commercial jet fuels conti aromatics in sufficient quantity
to yield very easily the amount of coke found in combustom.
These aromatics would be relatively nonvolatile, and this
class of compounds would be concentrated in the liquid
residues on combustor walls. The conversion of these
residues to the various asphaltic and coke-like products is
accomplished at temperatures of the order of 850° to 1475°
F, and these products resemble combustor cokes in many
ways (ref. 4).

The temperature at which combustor coke is formed
cannot be determined by a comparison with the properties
of petroleum cokes formed at different temperatures. The
hydrogen-to-carbon ratio of hard combustor coke (ref. 3)
is about the same as that found in reference 37 for petroleum
coke formed at about 1380° F. However, the high concen-
tration in combustor coke of solvent soluble materialssuggests
a much lower temperature of formation, of the order of 750°
to 925° F. Probably this 10TWWtemperature range is more
nearly the temperature at which the fuel was degraded, and
the observed low hydrogen-carbon ratio is the result of the
trapping of smoke in the coke deposits. True smoke hasa
comparatively low hydrogen-carbon ratio and would reduce
this ratio to that found in the coke samples (ref. 3).

Combustor coke is produced in the presence of oxygen
and flame; petioleum coke results from the decomposition
of hydrocarbons alone. Because of these dissimilarities in
formation, the determination of the conditions for the
production of combustor coke may not be based on those for
petroleum coke. The literature on the cracking of hydro-
carbons in the presence of and amounts of air or o~en
might be more applicable. The presence of oxygen certainly
accelerates the formation of high-molecukn-weight asphaltic
materials from lower-molecular-weight hydrocarbons. As-
phalt is made commercially by blowing residual petroleum
fractions with air at temperatures horn 425° to 600° F;
the liquid hydrocarbon is converted to semisolids by this
treatment (ref. 38).

A direct attempt to simulate combustor conditions in the
formation of coke with a bench~cale apparatus is reported
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in reference 39. In this work, fuel was allowed to drip on a
heated metal plate, and the evaporated fuel vapom were-
ignited by a small pilot flame. The amount of coke de-
posited was determined by weighing the metal plate before
and after the test. Residues similar to combustor coke
were formed at plate temperatures of about 600° F, and the
amount of deposits decreased to substantially zero at about
1000” F. This test was developed primarily as a fuel
evaluation test and has not been used to propose a mecha-
nism for coke formation, although it does indicate that the
formation of coke may be minimized with high metal
temperature.

Ins ummary, it appeam probable that soft combustor coke
is largely formed from gas-phase smoke. The hard, com-
pact deposits probably result from a combination of gas-
phase and liquid-phase reactions. The extent to which
each type of reaction contributes seems illdefined at present.

EFFEOTOF SOLIDSON RADIANTHEAT TRANSFER

Information concerning radiant heat transfer horn flames
is necessary for the evaluation of problems such as
combustor-mill cooling, application of flame-imme~ed fuel
vaporizers, and the rate of evaporation of fuel droplets.
This section deals with the effect of the solid products of
combustion on the radiant power or the em.isshity of flames.
The solid products that become attached to the combustor
walls (coke) may also influence radiant heat transfer to
these walls by increasing the surface emissitity. However,
this latter effect is not believed to be of much importance,
since the emis-shity of the usual materials of construction
is quite high at high temperatures and would not be greatly
increased by coke deposits.

~oihuninous flames emit two types of radiation. These
are (1) electronic emission by radicaIs in the ultraviolet and
visible region, and (2) molectdar emission by water and car-
bon dioxide in the infrared. The electronic emission com-
poses a very small fraction of the total radiant power from
combustion processes, and its effect on radiant heat transfer
can be ignored. Luminous flames yield, in addition to the
preceding types of radiation, a black-body radiation that
arises from the hot solids present in such flames. A large
fraction of this black-body radiation is in the near tied.
A further discussion of the radiation from both types of
flames can be found in reference” 40.

The radiant power from a combustion zone increases
sharply as the flame is changed from a nonluminous to a
luminous type. This change may be accomplished by in-
creasing the pressure, the fuel-air ratio, or the smoking
tendency of the fuel. As an example of the eilect of pressure,
a study of the radiation from flames in a turbojet combustor
(ref. 41) showed that the radiant power increased rapidly
with pressure and to a lesser degree with changes in fuel-air
ratio. Pressures ranged from 20 to 95 inches of mercury
absolute, and the total radiation from a luminous flame was
several times greater than that horn a nonluminous flame.
Increases in fuel-air ratio that changed nonluminous flames
to luminous ones were studied in a laboratory burner (ref.
42) and in a small furnace (ref. 43). A fourfold increase in
radiant power was observed with acetylene fuel in the labora-
tory burner and a two- to three-fold increase with natural

gas in the furnace. In reference 44, the character of the
fuel fed to an industrial furnace was varied. The addition
of small amounts of fuels of high smoking temlenciea, such
as benzene or tar, increased the emisshity of the flame from
0.15 to 0.40. In general, the emissivity or radiant powor
from a flame increases several times as the flamo becomos
luminous because of the presence of solid products of
combustion.

Fairly accurate calculations of the rate of radiant lmat
transfer can be made for nonluminous flameswith the method
and charts of reference 45. These require, as input variables,
the combustion-chamber geometry, reaction stoichiometry,
pressure, and temperature. Similar calculations cannot bo
made on a theoretical basis alone for luminous flames. Them
require the experimental measurement of at least two flamo
properties to determine emissivity. In reference 46, tmo-
color optical pyrometry was used to determine red and
green br@hthess temperatures, which were then used in the
calculation of emissitity. In reference 41, a total-radiation
pyrometer and a red-filtered optical pyrometer were umcl
to supply the necessary experimental data. Onto emissivi-
ties are kaown, the calculation of radiant heat-transfer rates
is similar for both luminous and nonluminous flames.

In summary, radiant heat transfer is greatly increased by
the presence of solid combustion products. Quantitative
determinations of the radiant power from luminous flames
require, at present, experimental measurements of the flamo
in question. However, it is possible that further resmrch
plus a backlog of experience on various types of combustors
may eventually permit dmates of radiant heat transfer
from ltious flames based on theory alone.

SIGNJllCANCEOF BASIC SMOKE AND COKE STUDIESlN
DESIGNOF JET-RNGINECOMBUSTORS

The factors relating to the formation of solid carbon during
the combustion of hydrocarbons in simple laboratory flames
have been reviewed. Some of the major conclusions result-
ing from the study of laboratory flames that are portinont to
combustor design may be summarized as follows:

1. Smoke is formed only in systems containing a fuel-rich
region. Coke and smoke will not result from the combustion
of premixed fuel-air systems if the mixtum strength is
maintained near stoichiometric. Therefore, any combustor
design that minimizes or eliminates the presence of local
fuel-rich regions should also minimize or eliminate the smok-
ing and coking tendency of the combustor. It is recognized
that fuel-lean operation reduces combustor stability and
altitude efficiencies. Therefore, compromim must be made
in combustor design to obtain satisfactory performance in
regard to both burner stabili~ and eiliciency and to freedom
from cddng.

2. Increasing pressure increaaes the cmbon-forming
tendency of hydrocarbon flames. Therefore, the probloms
of smoke and coke and also of radiant heat-transfer effects
increase with increasing combustion-chamber pressure.

3. There are pronounced diilerences in the smoking
tendencies of the various hydrwmrbon fuels. Of the hydro-
carbon types commonly found in petroleum-derived fuels,
aromatics have by far the greatest smoking tondenciea.
However, there are large differences among the various
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clmsea of aromatics. The problems of controlling smoke
and coke in turbojet engines can be lessened by limiting the
aromatic concentrations in fuels and especially by limiting
the concentrations of the more objectionable types of
rwomatica.

REFERENCES

1. Wear, Jerrold D., and Douglass, Howard TV.: Carbon Deposition
from AN–F-58 Fuels in a J33 Shgle Combustor. NACA
R&f E9D06, 1949.

2. Suhallq Rose L., Clark, Thomas P., and MoDomld, Glen E.:
Formation and Combustion of Smoke in Laminar Flames.
NAC!A Rep. 1186, 1954, (Supersedes NACA RM’s E51E15,
E52G24, E52122,E52126, E53E05, E53J12, and E54E03.)

3. Blscoe, J., and Warren, B. E.: ~ X-Ray Study of Carbon Black.
Jour. Appl. Phys., VOL13, no. 6, June 1942,pp. 36+371.

4. Clark, Thomas P.: Examination of Smoke and Carbon from
Turbojet-Engine Combustors. NACA RM E52126, 1952.

6, Terry, John B., and Field, Edward: The Smoke Tendenoy of
Refined Kerosene and Its Determination. Ind. and Eng.
Chem. (Anal. cd.), vol. 8, no. % July 15, 1936,pp. 293-296.

& Hunt, Russell A., Jr.: The Relation of Smoke Point ta Molecular
Structure. Ind. and Eng. Chem, vol. 45, no. 3, Mar. 1953,
Pp. 602-606.

7. Anon.: Standard Method of Testing Petroleum and Its Products-
Tidrd cd., Inst. Petr. Teah. (London), 1935,pp. 133-136.

8. Krynitsky, J. A., Garrett, T. D., and MoLean, C. A.: Factors
Affeoting the Use of a Smoke Lamp for Evaluating Jet Fuels.
NRL Rep. 4068, Naval RM. Lab., Oct. 16, 1952.

9. Jezl, J. L.: Smoking Tendenci= of Fueia. Rep. No. D-1016,
Res. and Dev. Dept., Sun Oii Co., Feb. 14, 1950.

10. BusOh,Arthur M.: Correlation of Laboratory Smoke Test with
Carbon Deposition in Turbojet Combustom NACA RM
E9K04, 1960.

11. Clarke, A. E., Hunter, T. G., and Garner, F. H.: The Tendency
to Smoke of Organio Substanc~ on Burning, Pt. I. Jour.
Inst. Petr., vol. 32, no. 274, Oot. 1946,pp. 627-642.

12. Ebersole, Earl R,, and Barnet$ Henry C.: Smoking Character-
istics of Various Fueis as Determined by .Open-Cup and Lab-
omtory-Bumer Smoke Tests. NACA ‘iVR E-190, 1945.
(SupersedeaNACA MR’s E5F20 and E5112.)

13. Saoke, W., and ZiebeLi,M. T. I.: Carbon Formation in Flames
of Aromatio Hydrocarbons. Lab. Rep. LR-30, Nat. Aero.
Est. (Camda), June 25, 1962.

14. hlinoidn, S. T.: Luminous Stationary Fiamtw The Quantitative
Relationship Between Flame Dimensions at the Sooting Point
and Chomicai Composition, with Speciai Reference,to Petro-
leum Hydrocarbons. Jour. Inst. Petr. Teoh., vol. 17, 1931,
pp. 102-120.

15, Stree$ J. C., Thomas, A., and VJilliams,It. A.: Carbon Forma-
tfon in Pre-Mixed Flames. Rep. K.113, Aero-Eng. Lab.,
Thornton Res. Center, Sept. 1963. (Contraot No.
6/ENGS/466S/CB.l l(a),)

10. Pinker, W. G., and ~olfhard, H. G.: Carbon Formation iU
Flames, Pt. III. Jour. Chem. Sw. (London), Aug. 1950, pp.
2038-2044; &soussion,pp. 2045-2049.

17. Smitlq E. C. TV.: The EmissionSpectrumof Hydrocarbon Flames.
Proo. Roy. Sot. (Landon), ser. A, vol. 174, no. A956, Jan. 12,
1940,pp. 110-125.

18. Gaydon, A. G., and TVoIflMU-&H. G.: Flam~—Their Structure,
Radiation and Temperature. Chapman and Hall (London),
1%53.

10, Kewley, J., and Jaokson, J. S.: The Burning of Minemi Oiia in
JVfokFed Lamps. Jour. Inst. Petr. Tech., vol. 13, 1927, pp.
36&397.

20. Jonoah, Edmund R., ~ear, Jerrold D., and Hibbard, Robert IL:
Relntion Between Fuel Properties and combustion Carbon
Deposition. NACA RM E52Bl~ 1952.

21. Schail% Rose L., and MoDonald, Glen E.: Variation in Smoking
Tendency Among Hydrocarbons of LOW MolecuIar TVeighk
Ind. and Eng. Chem., VOL45, no. 7, July 1953,pp. 1497-1500.

22. JVolfhard, H. G., and Parkei, TV. G.: Iniluence of Sulfur on
Carbon Formation in Diffusion Flames. Fuel, vol. 29, no. 10,
Oct. 1950, pp. 23S-240.

23. Arimoto, F. S., Corziiius, M. W., Lamb, J. L, and Melby, A. 0.:
Dioyclopentadienyiimn and Its Effects on Combustion Phe-
nomena. AiM of papem presented at meeting Am. Chem.
Sot., Ciminnati (Ohio), Mar. 29-Apr. 7, 1965, p. 17P.

2=4.Frazee, J. D., and Anderson, Robbin C.: Carbon Formation and
Reaction in Fiamei in Acetylene. Abs. of papem presented at
meeting of Am. Chem. Sot., Chicago (IL), Sepk 6-11, 1953.

25. Steacie, E. W. R.: Atomic and Free Radical Reactions. Reinhold
Pub. Corp., 1946.

26. Arthur, J. FL: Some Reactions of Atomic Hydrogen in Flames.
Nature, vol. 165, no. 4197, Apr. t$ 1950, pp. 557–558.

27. Iyengar, M. S., Vm’dyemvaran, R., and Datar, D. S.: Studies on
Carbon Formation in Flamea. Pt. I-Suppression of Carbon
Deposit Formation in Flames of Some Organic Compound by
Carbon Dioxide and Nitrogen. Jour. Sci. Ind. Res. (India),
vol. llB, lg52, pp. 456467.

28. Rummel, K@ and Ve~ Paul O.: Radiation of Luminous Fiam~
I—Literature, Working Hypoth=es and Preliminary Tests.
Arch. Eisenhuttemv., VOL14, 1941, pp. 489-499.

29. Thorp, N., Long, R., and Garner, F. H.: Carbon Formation in
Benzene-Osygen Diffusion Flare=. Fuel, vol. 30, no. 11, Nov.
1951,p. 266.

30. Garner, F. H., Long, IL, and Thorp, N.: Carbon Formation in
Hydrocarbon DiffusionFlames. Fuel, vol. 32, 1953,pp. 116-117.

31. Griadal~ R. O.: The Formation of Carbon Blaok. Jour. AppL
Phys., vol. 24, no. 9, Sept. 1953,pp. 1082-1091.

32. Porter, George: Carbon Formation in the Combustion TVave.
Fourth Symposium (International) on Combustion, The
~iiliams & TViikinsCo., 1953,pp. 248-252.

33. Tropsc& H- and Egloff, Gustav: High-Temperature Pyrolysis
of GaseousParafEnHydrocarbons. Ind. and Eng. Chem., VOL
27, no. 9, Sept. 1935,pp. 1063-1067.

34. Ingold, K. V., and Lossing, F. P.: Free Radicals by Mass Spec-
trometry. III-Radicals in the Thermal Decomposition of
Some Benzene Derivativ= Canadian Jour. Chem., VOL31,
Jan. 1953,Pp. 30-41.

35. Becke~ A., and Levedahl, ~. J.: Mechanism of Autoignition in
Benzene-Air Mixtures. Ws. of papersprewnted at Am. Chem.
Soo. meeting Cincinnati (Ohio), hfar. 29-Apr. 7, 1955, p. 16P.

36. TV@.brook, E. A., Helhvig, Katherine, and Anderson, Robbin C.:
SeiMhntmstion of Acetylene. II. Reaotions in Fiame
Propagation. Fifth Symposium on Combustion, Reinhold
Pub. co., 1955, pp. 631-637.

37. Berry, A. G. V., and Edgeworth-Johnstone, IL: Petroleum Coke
Formation and Propertka. Ind. and Eng. Chem., VOL36, no.
12, Dec. 1944 pp. 1140-1144

38. Puller, H. B., et aL: Blown Asphalt Vol. IV. Sci. of Petr.,
Oxford Univ. l?r~, 1938, pp. 2700-2705.

39. Rogers, J. D., and Jon% D. R.: Combustion Characteristics of
Gas Turbine Fueks- Prog. Ibp. No. 27, Cdif. Res. COW.,
Dec. 31, 1949. (&r Force Contraot W-33-033S0-9083, AhlC
fiOj. MX-&37.)

40. Berla~ A. L., and Hibbsrd, R. IL: Effect of Radiant Energy on
Vaporization and combustion of Liquid FuekL NACA RM
E52109, 1962.

41. Topper, Leonard: Radiant Heat Transfer From Flam~ in a Single
Tubular Turbojet Combnstor. NACARM E52F23,1952.

42. Haslam,R. T., and Boyer, M. IV.: Radiationfrom Luminous
Flare@. Ind.andEng.Chem.,vol. 19,no. 1,Jan.1927,pp. +6.

43. Sherman,RalphA.: RadiationfromLuminousandNon-Luminous
Natural-GasFlames. 11-ans.ASLf13,VOL56, no. 3, Mar.1934,
pp. 177–185.

44 Ribaud, G.: Heat Transmissionby Radiation in Industrial
~urnaces. Chem.Abs.,vol. 42,no. 7, Apr.10, 1948,p. 2145d.
(Abs.fromEnergie,vol. 31, 1947,pp. 57-67; 92=94.)

45. Hottel,Hoyt C.: Seotionon HeatTransfer. ChexrdcalEnginemt
Handbook,Thirdcd., JohnH. Perry,cd., hfcGraw-HillBook
~., hlC.,1950.PP.483498.



-. —— —.

P

APPENDIX-PHYSICAL AND COMBUSTION PROPERTIES OF SELECTED FUELS

Data according to various investigators have been com-
piled and me presented in table ~. Column headings
are explained as follows:

Specific gravities were obtained from reference 1, except
m noted. Values from reference 1 are 60°/600 F, while
those from reference 2 are generally 20°/40 C.

Normal boiling points at 1 atmosphere were taken from
roferenca 1, except as noted.

Heats of vaporization AH. were obtained horn reference-
1, except as noted.

Heats of combustion ~~ of gaseous fuel to give gaseous,
products are horn reference 1.

Stoichiometric mixtures are given as mole fkaction of
fuel (volume percent/100) and as fuel-air ratio by weight.

Fkunrnability limits in percent of stoichiometric fuel-air
ratio, in most cases obtained with upward propagation in a
2-inch tube closed at both ends, are from reference 3, except
as noted.

Spontaneous-iigtion temperatures were determined by
the modified ASTM drop test in reference 4, except as
noted. Minus sib- following values indicate that slightly
lower valuea have been reported.

I?uel concentrations $%in percent stoichiometiric fuel-air
ratio for mmim.um burning veloci@ ~r, _ were determined
at 77° F and atmospheric pressure (ref. 5).

TABLE XXXIII .—EXPERIMENTAL BURNING

Maximum burning velocities U~,ma relativo to propane,
which are arbitmrily rated 100 for each experimental method
(see table ~ for absolute values for propane for each
method), were obtained horn reference 5. Burning velocities
were, in most cases, measured by the NACA tube method
(see ref. 6).

Adiabatic flame temperatures T= were calculated at tho
fuel-air ratio f for mtium burning velocity ~ccording to
the method of reference 7. Values were obtained from
reference 5.

Minimum ignition energie9 at stoichiometric fuel-air
ratios and the absolute minimum ignition energies that

occur at some richer concentration were obtained from
reference 8, except as noted. In most cases, jf-inch-rod
electrod~ (unflanged) and capacitance sparks were used;
pressure was 1 atmosphere.

Quenching distances between parallel plates at stoichio-
metric fuel-air ratios and absolute quenching didances
through which no flame will pass regardless of concentmtion
were estimated from log-log correlations between ignition
energy and quenching d.istanm (based on data from refs.
9 and 10 and information received horn Experiment, Inc.)
and minimum ignition energies included herein, cwcept when
taken from references 9 and 10.

VELOCITIES OF PROPANE-AIR MIXTURES

hlethod

Tub----------. --.-------—----
Bunsen-burnerschlieren----------
Bunsen-burnershadowgraph------

Maximum
burning
velooity,

p,go=,

L 28
L 41
L 53 TI

Concentra-
tion for
UF,mm~0 Reference

stoichiomet-
rio

113 23
106 24
110 14

460
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TABLE X2#XL-PHYSICAII AND COMBUSTION PROPERTIES OF FUELS*
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